









Title No. 52-1 


Better Concrete in Slope Paving by Use of Slip-Forms* 


By WILLIAM J. ROBINSON and LEWIS H. TUTHILLT 


SYNOPSIS 


This paper describes and its figures show use of efficient, simple strike-off 
slip-forms for placing well-consolidated, accurately-surfaced concrete on 
slopes too flat to form. Data on concrete mixes used in some examples are 
tabulated. Some notes are included on equipment for horizontal paving 
other than for highways. 


THE PROBLEM 


Unformed, sloping areas of concrete placed in reservoirs, canal lining, 
spillway floors and intakes, transitions, embankment protection, and _ else- 
where are often poorly consolidated and irregularly surfaced. They are 
poorly consolidated because the slopes are too flat to use conventional forms 
to hold the conerete during vibration, and without forms vibration sufficient ° 
to consolidate plastic mixes at subgrade causes the concrete to flow down 
the slope. Consequently, vibrators are sparingly used, if at all, with results 
that may approach the poor consolidation of the slabs in Fig. 1 or the lack of 
water tightness exhibited in Fig. 2. Even with inadequate vibration there 
is often enough sag to cause an irregular surface. 


Concrete workmen rarely place high-slump concrete on slopes because it 
will not stay. If they did, its consistency at least would foster better con- 
solidation. But for slope placing it is usually no problem to get workmen to 
use lower slumps. Sometimes it is too low, and without consolidation only 
the surface is worked and slabs result like those in Fig. 1, which were removed 
because of failure due to their weakness. Usually the highest slump that will 
stay on the slope without vibration is seldom over 3 in. 


Thus, with ordinary screed-and-strike-off methods for shaping the surface 
of a sloping slab, good sound concrete is obtained only as a result of hard, 
literally up-hill work. Consolidation will cause sagging and bulging which 
must be struck off and returned ahead. Fortunately, there is an easier way 
to obtain and insure good results and it is not necessarily expensive; actually 
it often does so at lower unit cost. 


*Presented at the ACI 5ist annual convention, Milwaukee, Wis., February 23, 1955. Title No. 52-1 is a part 
of copyrighted JouRNAL OF THE AMERICAN CONCRETE INsTITUTE, V. 27, No. 1, Sept. 1955, Proceedings V. 52 
Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than Jan. 1, 1956. Address 18263 W. MecNichols Rd., Detroit 19, Mich. 

tMembers American Concrete Institute, formerly Engineer, Bureau of Reclamation, Cachuma Project 
Goleta, Calif., and Concrete Engineer, Bureau of Reclamation, Denver, Colo., respectively. 
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Fig. 1—Weakness of this unconsolidated low-slump concrete caused failure 
in a waterway lining 


THE SOLUTION 


Obviously, what is needed is something to ho!d the concrete temporarily 
while it is being vibrated. The slip-form strike-off shown in Fig. 3 has amply 
demonstrated its ability to serve this purpose. At the same time, when 
concrete is vibrated properly ahead of it, it shapes and evens the surface so 
that considerably less hand work is necessary to leave a presentable and 
acceptable finish for most purposes. 

Such a slip-form seldom should be less than 27 in. wide. A narrower form, 
with concrete being vibrated ahead of it, as must be done as it moves up the 
slope, will often permit concrete to swell or “boil’’ out at the lower edge, 
particularly when concrete slump is a little high. Greater width than nec- 
essary adds to the work of fully vibrating concrete under it when it is in 
}osition to start up from the bottom of a panel, when the slope does not 
continue below the starting point. 

A slip-form must resist deflection when it is amply weighted to hold proper 
shape and avoid rising from the screeds. It must have a sharp forward edge 
traveling on the screeds; otherwise it will ride up on concrete or gravel which 
inevitably gets on the screeds. Steel facing is preferable because it slides 
more smoothly over the concrete than a wood face. A header board in front 
is desirable to keep concrete from flowing over onto the slip-form. Another 
worthwhile feature is pipe over the wire rope of the bridle; this makes the 
slip-form move more evenly as it is pulled up the slope. 
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SLOPE PAVING WITH SLIP-FORMS 


Fig. 2—Lack of vibration for fear of sagging and bulging produced unconsoli- 
dated concrete which leaked in this spillway floor siab 





















Experience has shown that it is a mistake to vibrate a slip-form operating 
on a slope, but many operators have attempted to do so. This practice is 
unsuccessful because, instead of leaving an accurate surface to grade behind 
it, a ‘vibrating slip-form causes concrete to swell out from under the rear 
edge, making another strike-off operation necessary. Although vibration 
of a slip-form, operating on either horizontal or sloping surfaces, will per- 
form some consolidation of concrete then under the plate, such vibration 
has no power to supply concrete to unfilled portions after the slip-form has 
moved over the slab. Furthermore, unnecessary, additional, and undesirable 
fines are brought to the surface. 

Fig. 4 illustrates how a vibrating strike-off on reinforced slope paving 
produces enough sag from each horizontal bar to create a corrugated surface. 
With a wider, unvibrated slip-form no such sag occurs as may be seen in Fig. 8. 

With vibration of the slip-form pan prohibited, full consolidation must be 
secured by vibration of concrete with immersion-type vibrators in front of 


; the header board. Vibration should be sufficient to insure that a full, solid 
| slab of concrete goes under the leading edge of the slip-form. When it does, 
an equally complete, well-consolidated slab emerges from the rear of the slip- 


form. 

In summary, there are three principal advantages of using a slip-form 
instead of ordinary strike-off and compaction methods. 

(1) Either plain or reinforced concrete can be consolidated thoroughly by vibration 
along the header board without fear of swelling or sagging in the slab below. 

(2) With either plain or reinforced concrete, a solid, accurate surface is produced 
which requires comparatively little further finishing for most purposes. 

(3) Labor is saved in strike-off and finishing operations and progress is usually in- 
creased sufficiently that unit placing costs are lower. 
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For placing unformed concrete concrete. a \ 


on slopes slipform screed : Ay 
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Concrete for 
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concrete 
surface--, 


Fig. 3—Slip-form screed for placing unformed concrete on slopes 


EXAMPLES OF TYPICAL SUCCESSFUL USE 


Gobernador Reservoir 

Lining of the Gobernador Reservoir required paving nine slopes 22 ft 9 in. 
long. Eight were 26 ft 8 in. wide; one was 13 ft 4 in. Slabs were reinforced, 
4 in. thick, and sloped 2:1. Concrete mix data are shown in Table 1. 

A “heavy beam” type of slip form was made up of 3- x 12-in. timbers bolted 
together making a solid section 12 x 30 in. It was 28 ft 4 in. long and pre- 
vented from sagging with %4-in. truss rods. It was faced with 14-in. steel 
plate, which is minimum to assure a durable, flat sliding surface resistant to 
wrinkling, and was weighted with about 14 ton of steel rail at each end as 
shown in Fig. 5. 

Despite inexperience with this equipment, successful and excellent results 
were obtained from the start shown in Fig. 5. The contractor placed two 
slabs each day and used a three-man crew to give the finished surface a ‘‘tight”’ 
wood-float finish. The ease and simplicity of operation, the placing rapidity 
and economy, and excellent results obtained, convinced the contractor of the 
practicability of such equipment. 


Pole Hill Power Canal 
Lining of the Pole Hill Power Canal was placed with the slip form pic- 
tured in Fig. 6 and sketched in Fig. 3. Side slopes were 14 ft long, reinforced, 
4 in. thick, and sloped 144:1. Concrete mix data are shown in Table 1. 
Similar weighted, steel-faced, unvibrated slip-forms have been used on 
several canal lining jobs that were not long enough to permit economic use 





SLOPE PAVING WITH SLIP-FORMS 





pa 


Fig. 4—Corrugations, due to sag below horizontal bars, result when a strike- 
off is vibrated when working up a slope 


of the large longitudinally-operating canal-lining machines. In each case the 
simple slip-form shown in Fig. 3 produced an excellent lining with a minimum 
of hand finishing. No supplemental strike-off was necessary when the slip- 
form was sufficiently weighted to ride solidly and cleanly on the screeds, and 


when concrete was fully vibrated along its leading edge while it moved slowly 
up the slope. 


Slow uninterrupted movement is best. Hoist drums on tractors or the 
cranes handling concrete buckets are usually employed, with a 5- or 6-part 
line, to pull slip-forms up the slope on this type of work. 

Kirwin Dam Spillway 

The massive floor slab of the Kirwin Dam Spillway varies in slope from 2:1 
to nearly horizontal, and in thickness from 48 to 18 in. The concrete con- 
tains crushed limestone coarse aggregate graded to a maximum size of 6 in., 


Fig. 5—This heavy-beam, 
steel-shod slip-form pro- 
duced excellent results even 
in this first panel placed by 
an inexperienced crew 
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TABLE 1—CONCRETE DATA FOR SLOPE PAVING 


Gobernador Pole Hill Kirwin Dam Carpinteria 
Concrete data Reservoir Power Canal Spillway Reservoir 


Sand, percent 36 33 28 33 
4 -in., percent 30 30 15 30 
1}4-in., percent 34 33 20 37 (1%") 
3-in., percent 21 
6-in., percent 16 
Air, percent 3.0 4.6 5.2 
w/c 0.50 0.53 0.52 
Slump, in. 3 3 2% 2 
Water, lb per cu yd 282 266 158 260 
Cement, lb per cu yd 564 502 305 508* 
Cement, type II I II II 
7-day strength, psi 2200 
28-day strength, psi 3640 (32) 3200 3300 (21) 3785 (210) 
Approximate temperature 
range, deg F 
Concrete Similar to 70-86 51-87 62-89 
Weather Carpinteria 37-86 30-102 40-90 
Humidity, usually (percent) 50 + 50 —- 50 + 50 


Sand grading, percent each size 


1 

20 

28 

30 

11 

3 

} 2.76 

Coarse aggregate gravel gravel 


*Including 86 lb of pozzolan. 


Mebe $23 iy oo 


Fig. 6—Unskilled workmen consistently obtained good canal Sees with one 
pass of this slip-form sketched in Fig. 3 
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and natural sand with a low unit water requirement. Detail mix data are in 
Tabie 1 

Fig. 7 shows the steel slip-form used to shape this concrete. It was built 
similar to that shown in Fig. 3 but 36 in. wide. Concrete for weight is in the 
midsection. As concrete panels were about 35 ft square, two slip-forms, 
each 18.5 ft long, were used, one working a few feet behind the other with the 
inside ends overlapping and supported on a wood screed in the middle of 
each panel. 

With only the weight shown, the slip-form proved to be a little light and 
tended to rise when used substantially as a strike-off in this heavy concrete. 
However, it was found that excellent results could be obtained by using it 
literally as a form, moving it up about 6 in. at a time, and vibrating the new 
space full of concrete with very little above the leading edge. 


Carpinteria and Ortega reservoirs 


Lining of the Carpinteria and Ortega reservoirs was placed using the large 4- 
ton slip-form pictured in Fig. 8 and sketched in Fig. 9. Its length was 43 
ft and its form plate was 36 in. wide. Concrete was supplied to the leading 
edge from a 3-ft high hopper along the head board instead of from concrete 
dumped freely on subgrade against the headboard as with other slip-forms 
described. Workmen vibrated concrete in the hopper with four immersion- 


Fig. 7—A similar slip-form to Fig. 3 but 36 in. wide held mass concrete to 
proper shape during thorough vibration in a heavy spillway floor slab 
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Fig. 8—After development and adjustment this elaborate slip-form placed an 
excellent reservoir lining 


/SLIPFORM ~ 43-0" long; 30" high supporting girder of ¢ 
\ steel plote with 2x3 and 3x3 reinforcing angles. 
\ All welded construction 

tof 2 Electric hoists d Immersion type vibrator 

2 HP. motors - 5 ton 


hoists - ; cables -.. ,Concrete hopper 


28" wide ot top 
14" wide at bottom 





*4"Slab except 


ight - 4 
Total weight - 4tons at edges 


Including } ton counter 
weights near each end 


/ 
¢ 


Cotwalk-- 


Adjusting bolts -— 
Vibrated Vs 
concrete J 
surfoce-° 


Fig. 9—Cross section and details of slip-form shown in Fig. 8 
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Fig. 10—Rubber waterstop 
between reservoir lining 
panels was held in posi- 
tion in this manner in the 
screed strip supports for the 
slip-form shown in Fig. 8 


type electric vibrators, as it flowed under the slip-form. The trailing edge 
of the form plate was adjustable for accuracy in grade. Probably this slip- 
form was somewhat more elaborate in design and accessories than necessary 
but, after a period of development and adjustment, it did lay down an ex- 
cellent paving slab, as can be seen in Fig. 8, which required a minimum of 
work to prepare for the wood-float finish required. 

These linings were reinforced, 4 in. thick, and on a 2:1 slope. A rubber 
waterstop was used between 6-in. thickened edges of the paving slabs and 
Fig. 10 shows how the screed rails were arranged to hold the rubber strips for 
the first concrete to be placed around them. 


EQUIPMENT FOR HORIZONTAL PAVING 


In many cases slip-forms like those described above have been found help- 
ful in laying relatively level slabs in canal or reservoir bottom areas although 


Fig. 11—Rear of slip-form molding a curved lining in a tunnel invert 
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for horizontal work, because sagging and swelling is no problem, vibrating 
strike-off beams without a slip-form pan can also be used effectively. Where 
such paving is curved transversely, or turned up at the sides, as in many tunnel 
inverts (Fig. 11), or in a canal bottom (Fig. 12) when the sides are lined as 
in Fig. 6, a slip-form is an excellent device for shaping the concrete and hold- 
ing it up at the sides briefly until it loses enough slump to remain in place. 
For this latter reason, such slip-forms are usually several feet long, sometimes 
more than 10 ft. If the sides are a foot or more higher than the bottom, side 
hoppers, as shown in Fig. 12, are helpful in keeping concrete supplied to these 
higher parts. 

For completely flat slabs such as in bottom areas of the Ortega Reservoir, 
a comparatively new device called the Clary Power Screed (Fig. 13) proved 
to be a most satisfactory, well-conceived piece of equipment, which efficiently 
produced excellent results. Strikeoff,-consolidation, and some smoothing 
is done by the forward 6-in. roller as it is motor-driven about 600 rpm in the 
opposite direction to the driving rollers. By adjusting speed of this front 
roller, more or less mortar can be brought to the surface as required for the 
finish specified. Forward movement is 6 to 15 ft per min. 

The butt seam welding of the front roller produces an off-center weight, 
which results in an eccentric tamping action. This action appeared to pro- 
vide sufficient consolidation without supplemental vibration but no slabs were 
broken or turned over to make sure. However, supplemental vibration at 
least helped by leveling out concrete ahead and thus speeded action of the 
rollers. 


Fig. 12—Slip-form for placing bottom of canal lining with slopes paved as in 
Fig. 6. Pockets insure good filling of high edges along side strips 
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Fig. 13—Clary Power : a 
Screed obtains good com- 
paction, strike-off and pre- 
liminary finishing on level 
panels by means of a fast- 
turning forward roller 





CONCLUSION 
Experience here reviewed shows the efficient way in which a simple slip- 
form can be used to place well-consolidated concrete on slopes, reinforced 
or not, and with an accurate surface. Slip-form operation or results were not 


visibly affected by changes in temperature of air or concrete, or in humidity, 


within the ranges reported in Table 1. Comparative core tests and examina- 
tion of the underside of slabs so placed, afford ample proof that good results 
are obtained. It is hoped that by describing this procedure and equipment, 
no inferior concrete will hereafter be placed on slopes where slip-forms can be 
used. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNat. In Proceedings V. 52 discussion immediately fol- 
lows the June 1956 JourNAL pages. 
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Mechanisms of Alkali-Aggregate Reaction™ 


By ROBERT G. PIKE,t DONALD HUBBARD,{ and HERBERT INSLEY§ 


SYNOPSIS 


An interferometer procedure was used to determine the attack on character- 
istic active and nonreactive aggregates over an extended pH range, in solutions 
of NaOH, Ca (OH),, NaOH + Ca (OH)s, and in aqueous extracts of high- 
and low-alkali cements. Curves are given showing the hygroscopicity of 
high- and low-alkali cement pastes and powders and the same cements with 
added reactive and nonreactive aggregates. Curves are given showing ex- 
pansion of the mortar bars containing various percentages of Pyrex glass of 
different grain sizes. Microscopic studies of reactive aggregates in high- 
alkali cements are described, and photographs show instances where the 
major reaction takes place inside the opal grain rather than at the outside 
of the particle. This effect is rationalized in terms of the uneven distribution 
of the migratable ions. An expansion of 300 percent is demonstrated when 
opal reacts with soda to form a sodium silicate hydrate complex. It is believed 
that this expansion is the major cause of alkali-aggregate distress in concrete 


INTRODUCTION 


Ever since Stanton demonstrated in 1940! that reaction between high- 
alkali cements and certain aggregates could cause disintegration of concrete, 
there has been much speculation as to the cause and actual mechanism of 
the reaction. Hansen in 1944? published a theory based on the supposition 
that the cement paste acts as a semipermeable osmotic membrane through 
which water and Na™ ions could pass to react with the ‘active silicates” 
(opal, silicate glasses, etc.) but through which the reaction products could 
not pass. Parts of his original theory still seem valid; however, serious 
objections have been advanced by different investigators. Perhaps the most 
comprehensive work has been done by Vivian and his co-workers in Australia.* 


In the present investigation, several methods not heretofore used in the 
study of alkali-aggregate reaction were applied to the problem, and several 
simple experiments were made which demonstrate certain familiar related 
phenomena. It is hoped that these experiments may bring more clearly 
into focus the role of these phenomena in the problem of the alkali-aggregate 
reaction. 

Received by the Institute Oct. 5, 1954. Title No. 52-2 is a part of copyrighted JourNAL or THE AMERICAN 
Concrete Institute, V. 27, No. 1, Sept. 1955, Proceedings V. 52. Separate prints are available at 50 cents eact 


Discussion (copies in triplicate) should reach the Institute not later than Jan. 1, 1956. Address 18263 W. MeNichols 
Road, Detroit 19, Mich. 
+Physical Chemist, Concreting Materials Section, National Bureau of Standards, Washington, D. C 
{Physical Chemist, Mineral Products Division, National Bureau of Standards, Washington, D. C 
§$Member American Concrete Institute, Consultant, Washington, D. C. 
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EXPERIMENTAL PROCEDURES 

Chemical durability 

The surface alteration of several ‘‘reactive”’ and ‘“‘nonreactive” aggregates 
(as these terms are applied in concrete technology) was determined by an 
interferometer method which has been particularly useful in the study of 
optical-glass durability and in the corrosion studies of various materials.** 
In this method, one surface of a specimen about 4 x 34 x 14 in. is polished 
sufficiently flat to give interference bands when placed under an optical flat. 
The sample is then immersed one-half its depth in a test solution and the 
surface of the solution covered with an oil layer to prevent evaporation. 
The system is maintained at 80 C for a definite period, usually 6 hr, and the 
sample is then removed, washed, and dried. Using the unexposed portion 
of the sample as a reference plane, the chemical attack on the exposed surface 
is measured by determining the displacement of the interference fringes by 
means of the conventional Pulfrich viewing apparatus equipped with an 
unfiltered helium lamp for illumination. This chemical attack or surface 
alteration of the specimen may be a corrosion of the surface exposed to the 
solution; or the attack may be made evident by a swelling or increase in thick- 
ness of the specimen; or perhaps (as in the case of some optical glasses) the only 
alteration will be a discoloration of the surface with no accompanying di- 
mensional change detectable with the interferometer. In this paper, any 
solution or corrosion of the surface made evident by decrease in thickness 
of the specimen is designated as attack, and any increase in thickness of the 
specimen caused by the chemical reaction is designated as swelling. To 
conform to previous publications,‘ swelling of the specimen is plotted in 
each case as a negative attack. Should the reaction be too rapid or severe, 
shorter exposures or lower temperatures must be used and the result extra- 
polated to 6 hr and 80 C to put all data on a comparable basis. 


” 


The specimens were exposed to five types of solutions, namely: (1) to 
Britton Robinson Universal Buffers® over a range from pH 2 to pH 11.8; 
(2) to 2 percent NaOH;* (3) to saturated Ca(OH). and in saturated 
Ca(OH)>s plus 2 percent NaOH; (4) to the supernatant liquid formed by 
stirring cement powder in distilled water (The increased attack which was 
noted on some samples which hung down into the settling cement has also 
been recorded); (5) to 0.1 N NaOH and in 0.1 N KOH. 

The interferometer is shown in Fig. 1, and a typical specimen as seen 
through the interferometer, showing an attack on the surface of about 14 
fringe, is illustrated in Fig. 2 


Hygroscopicity 
The hygroscopicities (water sorption)’ of several cements, hydrated cement 


pastes, and aggregates were determined by the procedure described in previous 
publications.* In this method, a weighed sample of the powdered material 


*A concentration of 2 percent NaOH was used as this is about the upper limit of NaOH in cement. For 
comparative purposes this could also be expressed as 0.5 N NaOH. 
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Fig. 1—Pulfrich interferometer viewing apparatus with specimen and quartz 
flat in place on stand 


bb WA © ase ULES HERR DE eae be 


Fig. 2—Typical fringe pat- 
tern as seen through eye- 
piece of interferometer. 
Swelling of lower half of 
specimen—which was pre- 
viously immersed in test 
solution—has caused dis- 
placement of about 4 fringe 
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is exposed to a high relative humidity (approximately 98 percent) maintained 
by a saturated solution of CaSO, - 2H.O. The walls of the humidity chamber 
are lined with blotting paper acting as a wick, and the atmosphere of the 
closed system is.kept circulating with a fan to insure uniform humidity 
throughout the chamber. After exposures of from 1 to 96 hr, the increase 
in weight of the sample is determined and the result expressed as milligrams 
of water sorbed per cubic centimeter of sample. 

Materials for the hygroscopicity tests were prepared as follows. Samples 
of hydrated cement* were made by mixing 125 ml of water and 500 g of 
cement and forming into autoclave bars in accordance with ASTM Speci- 
fication C 151-52. When aggregates were used in the autoclave bars, 20 g 
of aggregate were mixed with the cement powder before the water was added. 
Graded Ottawa sand was used as the nonreactive aggregate, and opal from 
Carson City, Nev., ground to pass a No. 20 and be retained on a No. 30 
sieve, was used as the reactive aggregate. The bars were placed in the moist 
cabinet for 24 hr, removed, left éxposed in the laboratory for 2 weeks, ground 
to pass a No. 140 sieve, and the hygroscopicity measurements then made. 
Volume increase of opal 


The increase in volume of opalf when combined with Na* and H.O was 
determined by the following procedure. The volume of 3 g of opal was 
determined and the opal then fused with an equimolar amount of NasCOs; 
(5.3 g) at 1350 C. (The volume of the Na,CO; was not determined since, 


as stated more fully in the general discussion, the volume of the Na™ con- 
tributes very little to the over-all volume of the cement bar.) The fused 
mixture was then dissolved in distilled water and evaporated to a very hard 
gel by drying in an oven at 110 C under a dry stream of gas. From the 
volume of this gel and the original volume of the opal the percentage expansion 
was calculated. 


Expansion tests 

The expansion caused by the alkali-aggregate reaction was determined 
by comparing standard 10-in. cement-mortar bars containing various pro- 
portions of reactive and nonreactive aggregates with those of similar bars 
containing only the nonreactive aggregate. The nonreactive aggregate was 
standard Ottawa sand. The reactive aggregate was Pyrex brand glass number 
7740 (hereafter referred to as Pyrex) crushed and sized by wet screening. 
Perhaps because of its uniformity and availability, Pyrex has been used as 
the standard reactive aggregate to test the inhibiting effect of different 
pozzolans on the alkali-aggregate reaction.’ Many other silicate glasses 
would perhaps serve equally well (and in some cases give more rapid reaction) 
but are not universally available. A comparison of the surface alteration 
of various glasses plotted in Fig. 3 with Pyrex as plotted in Fig. 4 indicates 

*Analyses of cements used are shown in Table 3. Unless otherwise stated, the high-alkali cement used in all 
tests was that with the greater NasO content. 


+Run-of-mine grade from Carson City, Nev., analysis in Table 4. 


tPyrex has the following approximate composition: SiO2:—80.5 percent, B2xO;—12.9 percent, Na:O 


3.8 per- 
cent, KxO—0.4 percent, AlxO;—2.2 percent.® 
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other glasses which might also 
be suitable as reactive aggre- 
gates. The high-alkali cement 
(Table 3) contained 1.10 per- 
cent Na,O and 0.09 percent 
K.O, and the low-alkali ce- 
ment contained 0.29 percent 
KO and 0.015 percent Li.O. 


The proportions of water: 
cement : aggregate were kept 
at 0.4:1:2 by weight. Four 
bars were made of each water- 
cement-aggregate mixture ac- 
cording to the directions of 
Mielenz and Witte" and 
stored over water in sealed 
containers at 100 F. Three 
of the bars were measured 
periodically, and at various 


FRINGES 


times slices were cut from the 
fourth bar for microscopic 
examination. 


In one series of tests, the 
reactive aggregate was used 
in various proportions to re- 
place a maximum of 8 percent 
of the Ottawa sand. In a 


ALTERATION, 


LIRF ACE 


c 


second series of tests, various 
sieve fractions of the reactive 
aggregate were used to replace 
8 percent of the sand. Bars 


containing no reactive aggre- 
gate were fabricated as control 
specimens. 


Fig. 3—Surface alteration of a 

variety of silicate glasses for 

exposure of Ghr at 80 C. Data 
from Table 1 
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Fig. 4—Surface alteration of reactive 
aggregates (opal and Pyrex) and 
nonreactive aggregates (quartz, 
marble, and calcite) in _ Britton- 
Robinson Universal Buffers. Exposure 
6 hr at 80 C. Data from Table 2 
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RESULTS AND DISCUSSION 
Chemical durability studies 
In Fig. 4 are shown the results of the chemical durability tests on two 
reactive aggregates (opal* and Pyrex) and three nonreactive aggregates 
(quartz, calcite; and marblet). As would be expected, the calcite and marble 


TABLE 2—SURFACE ALTERATION OF REACTIVE AGGREGATES (OPAL AND 
PYREX) AND NONREACTIVE AGGREGATES (CALCITE, MARBLE, AND 
QUARTZ) IN BRITTON-ROBINSON UNIVERSAL BUFFERS FOR 
EXPOSURE OF 6 HR AT 80 C 


Surface alteration, in fringes, at pH 
Aggregate 


2.0 5 ) y 10.2 10.5 11.0 


Opal 34+8% 
Pyrex ND« 
Calcite 2160 A 
Marble 1890 A 
Quartz ND 


*S, Swelling 

°*A, Attack 

‘ND, Not detectable 
4DA, Detectable attack 
©, Indeterminate 


*Opal, hand-picked. For analysis see Table 4. 
tQuartz cut from optical-grade crystal. Calcite from a cleavage face of optical grade. Marble, hand-picked 
clear-white specimens. 
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TABLE 3—CHEMICAL ANALYSES OF HIGH- AND LOW-ALKALI CEMENTS 


Composition, percent 


Type cement |Ignition| In- 'Total + 
| loss soluble} SO; | SiO, | AlO;|Fe,O;; CaO | MgO) Na,O | K;0 | alkalies 


| 0.09 


High-alkali | 1.1 0.2 | 2.3} 21.6] 6.0] 2.5 | 63.3 
(NaO) 
High-alkali 0.9 0.1 | 2.0| 21.0 | 6.3 | 2.8 | 63.8! 1.8 | 0.51 | 1.06 
(K,O) 
Low-alkali 1.5 0.2 | 1.7 | 22.6 | 4.5 | 3.2! 65.1! 1.2 | 0.00 | 0.29 
Li,O* 
0.015 


1.9 


*Analysis of LiO by National Bureau of Standards, Spectrochemistry Section. 
show very rapid attack in the acid range. The opal, as was shown in a previous 
publication,®: *“’- ' shows marked swelljng over the whole acid range. How- 
ever, since these acid conditions are not found in concrete, attention will be 
focused on the effects encountered above pH 10. As might be expected, 
quartz shows no detectable attack at any pH value. However, the attack 
on opal and Pyrex is very pronounced at hydroxy] ion activities above pH 10. 
Since the alkali-aggregate disintegration of concrete is usually considered 
to be caused by expansion of the aggregate, the occurrence of this apparent 
decrease in volume of opal and Pyrex is rather confusing and will be dis- 
cussed later in the paper. The swelling of calcite and marble above pH 10 is 
very marked. To determine if this swelling was caused by the Na™ ions, 
another sample of calcite was treated in 0.2 N NaOH. No swelling was 
detected. However, the calcite does show swelling when exposed to a mixture 
of saturated Ca(OH), and 2 percent NaOH (Fig. 5). It is possible that this 
type of swelling was responsible for the increased expansion reported by 
McCoy and Caldwell'!? when CaCO; was added to a high-alkali-pyrex mortar. 
The surface alterations of the aggregates in solutions similar to those found 
in concrete are shown in Fig. 5. Here it can again be seen that there is no 
attack on quartz either in Ca(OH). or in Ca(OH), + NaOH, nor is there 
any attack on calcite in Ca(OH)2. However, the calcite does show marked 
swelling in Ca(OH), + NaOH. The 
TABLE 4—ANALYSIS OF OPALS* Pyrex and opal show definite attack 
. a ~ gn Ca(OH)s, which is not surprising 
Rm wed po hg in view of the fact that the reaction 
percent | percent between Ca(OH). and certain sili- 
Loss on ignition(1100C) 5 40 “he 5.32 . seatdeca materials are considered og 
HF residue 1.51 4.30 sponsible for the adhesive properties 
a Ad difference) ; a ~ 7 of pozzolanic cements.'* However, it 
Al,Ost 0.87 2 72 should be noted that the attack is in- 
| a _ ereased about sixfold on Pyrex and 
of Senalysig by E. B. Clark of the National Bureau a yproximately twenty-fourfold on 


tThe HF residue was fused and dissolved and “R:O;”" . ‘ re, T« ie ¢ 
precipitated with NH,OH and ignited. The FeO: was opal when 2 percent NaOH is added 


termined in the ignited precipi lectin . 
FEET nae re ee Abate and the remainder +> the saturated Ca(OH): solution. 
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The values plotted for opal, as dis- 
cussed above, are those obtained after 
the sample had been exposed to the 
atmosphere until dimensional equilib- 
rium had been reached. However, 
the effect noticed first when the opal 
samples are removed from the solu- 
tion is a swelling of the surface as 
shown in Fig. 6. The dotted lines 
show the subsequent shrinkage which 
occurs when the specimen dries. It 
appears from this compound curve 
that the first effect of the solution is 
to cause a swelling of the opal struc- 
ture. This swelled material is then 
attacked by the alkalinity of the solu- 
tion to form soluble silicates which 
are rapidly diffused through the solu- 
tion. The net effect on the opal sam- 
ple after drying is a severe attack, or 
deep erosion of the surface. 
The initial swelling of the opal may 
possibly be caused by a Donnan mem- 
brane (or ion exchange) type of reac- 
tion.'* Since the SiO, of the opal car- EXPOSURE , HOUR 
ries a negative charge it will have a_ Fig. 5—Surface alteration of reactive 
marked affinity for any positive aggregates (opal and Pyrex) and 
charges (namely Na* ions) which may "onreactive aggregates (quartz and 
migrate to it. The possible magnitude ee in saturated solutions of 
a(OH), and in saturated Ca(OH), 


of this uneven distribution of the mi-  plys 2 percent NaOH, at 80 C. Data 
gratable ions between the opal grain from Table 5 


and the surrounding solution has been 
previously demonstrated with Ag(NH;)2° ions which do not form soluble sili- 
cates. This mechanism builds up inside the opal grain a concentration of 
positive ions greatly in excess of that in the surrounding cement solution. 
Thereafter, if these ions should be Na‘, chemical reaction may occur forming 
soluble sodium silicates. 

The chemical durability studies have been carried further in solutions of 
cement extracts as can be seen in Fig. 7, 8, and 9. In Fig. 7 are shown the 


surface alterations of the reactive aggregates and nonreactive aggregates in 
an aqueous extract from a low-alkali cement; in Fig. 8, in an aqueous extract 
from a high-alkali (soda) cement; and in Fig. 9, in an aqueous extract from a 
high-alkali (potash) cement (Table 3). These results are in accord with 
what might be expected after studies of other investigations, except for the 
fact that the high potash cement attacks the opal more rapidly than the high 
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Fig. 6—Surface alteration of opal in saturated CA(OH). at 80 C 


(Solid line) Surface alteration (swelling) at the time of removal from the Ca(OH), solution. 
line) Drying shrinkage after removal from Ca(OH), and exposure to air. 


TABLE 5—SURFACE ALTERATION OF 
REACTIVE AGGREGATES (OPAL AND 
PYREX) AND NONREACTIVE AGGRE- 
GATES (QUARTZ AND CALCITE). 
EXPOSURE AT 80 C 


Surface alteration, 

fringes 
Saturated 
Ca(OH): + 
2% NaOH 


Exposure, Saturated 
hr Ca(OH): 


Aggregate 


Quartz 6 ND« ND 
24 ‘i 


Calcite 6 
24 


6 
24 


(in solution) 6 

(in atmosphere) 104 
(in atmosphere) 244 
Opal 

(in solution) 24 

(in atmosphere) 104 
(in atmosphere) 244 


“ND, Not detectable 

6S, Swelling 

eA, Attack 

4Dried for time shown in laboratory air subsequent to 
exposure to solution. 


(Dashed 
Data from Table 5. 


soda cement. This discrepancy might 
easily be caused by (1) the different 


rates at which the alkalies become 
available in different cements, (2) in- 
clusion of the alkalies in insoluble 
compounds, glasses, etc., or (3) non- 
uniformity of the opal sample itself. 
The following facts should also be 
noted in connection with these curves, 
(1) that portion of the Pyrex sample 
which hangs down through the solu- 
tion into the setting cement itself is 
more vigorously attacked than the 
portion in the solution only, (2) opal 
always shows swelling at the time it 
is removed from the solution but, as 
was shown in Fig. 6, drying shrinkage 
occurs after exposure to the atmos- 
phere, (3) the aqueous extracts of the 
cements cause no swelling of the cal- 
cite, and (4) the attack on opal and 
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TABLE 6—SURFACE ALTERATION OF REACTIVE AND NONREACTIVE 
AGGREGATES IN AQUEOUS EXTRACTS FROM THREE CEMENTS AT 80 C 


Aggregate Surface alteration for exposures in aqueous extracts, fringes 


Low-alkali High-alkali High-alkali (KO) « 
cement Na) cement 
Exposure time 


Opal 


Pyrex 

Calcite 

Quartz 

Pyrex imbedded in 
setting cement 


A, Attack 
ND, Not detectable 


Pyrex in 


— Setting Cement 


_ Pyrex re ~ 
= a 


4 oe 


Calcite 
Quartz 


Fig. 7—Surface alteration 
of reactive and nonreactive 
aggregates in aqueous ex- 
tracts of a low-alkali 
cement and of a specimen 
of Pyrex imbedded in the 
setting cement, exposure at 2 6 20 24 
80 C. Data from Table 6 EXPOSURE, HOURS 
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Fig. 8—Surface alteration 
of reactive and nonreactive 
aggregates in aqueous ex- 
tracts of a high-alkali 
(Na.O) cement and of a 
specimen of Pyrex imbed- 
ded in the setting cement, 
exposure at 80 C. Data 
from Table 5 
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Fig. 9—Surface alteration of reactive and nonreactive aggregates in aqueous 
extracts of high-alkali (KO) cement and of a specimen of Pyrex imbedded 
Exposure at 80 C. Data from Table 6 
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ation of opal and Pyrex 
(reactive aggregates) in 0.1 
N NaOH and 0.1 N KOH 
at 80 C. Data from Table 7 
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Fig. 10—The surface alter- | 
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Pyrex in the aqueous extracts is much less than in the Ca(OH), + NaOH 
solution as shown in Fig. 5. 

In Fig. 10 is shown a comparison of the surface alteration of opal and Pyrex 
in 0.1 N NaOH and 0.1 N KOH. These curves correlate well with the results 
reported by investigators in the field, who find that the high-soda cements 
tend to be more reactive than the high-potash cements.!® 
Hygroscopicity 

Fig. 11 shows the hygroscopicity of a neat hydrated high- and a neat 
hydrated low-alkali cement as well as the hygroscopicity of the same cements 
containing 3.8 percent quartz or 3.8 percent opal. The hygroscopiticy of 
the hydrated low-alkali cement, the cement paste with 3.8 percent quartz, 
and the same cement paste with 3.8 percent opal can all be represented by 
one curve (the solid line in the lower part of the figure). This indicates that 
the addition of quartz or opal has little effect on the hygroscopic properties 
of the low-alkali cement paste. The hygroscopicity of the high-alkali cement, 


TABLE 7—SURFACE ALTERATION OF OPAL AND PYREX (REACTIVE 
AGGREGATES) IN 0.1 N NaOH AND 0.1 N KOH AT 80 C 


Surface alteration, fringes 


Aggre- 0.1 N NaOH 0.1 N KOH 
gate 

15 min 1 hr 3 hr 6 hr 15 min 1 hr 3 hr 6 hr 
Opal lg— A* 2+ A Y4—A 1+ A 


Pyrex 


*A, Attack 
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© NEAT CEMENT 
+ CEMENT + 3.8% QUARTZ 
@ CEMENT + 38% OPAL 


© CEMENT POWDER 


WATER SORBED mg/cm® 


LOW ALKALI 








40 48 56 
EXPOSURE , HOURS 
Fig. 11—Hygroscopicity of a hydrated high- and a hydrated low-alkali cement 


and of the same cements with added reactive or nonreactive aggregates. 
Also values on unhydrated high- and low-alkali cements. Data from Table 8 


and of the same high-alkali cement with 3.8 percent quartz can also be indi- 
cated by one curve (the upper solid line on the chart). However, the hygro- 
scopicity of the high-alkali cement plus opal must be indicated by a third 
curve, the dot-dash line. This curve indicates that the addition of opal 
to a high-alkali cement causes a decrease in the ability of the cement paste 
to sorb water. To those who have been used to thinking of the reacted opal 
as sorbing water, this may seem anamolous. However, on further consider- 


TABLE 8—HYGROSCOPICITY OF NEAT CEMENT PASTES AND CONCRETES 
PREPARED FROM LOW- AND HIGH-ALKALI CEMENTS MADE WITH 
REACTIVE AND NONREACTIVE AGGREGATES. ALSO VALUES 
ON UNHYDRATED HIGH- AND LOW-ALKALI CEMENTS 


Specimen Water sorbed, mg per cu cm, in 
2hr 24 hr 48 hr 


Low-alkali cement , 106 77 228 
High-alkali cement 9: 147 25° 350 
Low-alkali cement + 3.8 percent quartz 107 } 226 
High-alkali cement + 3.8 percent quartz 9: 148 2: 358 
Low-alkali cement + 3.8 percent opal if 104 230 
High-alkali cement + 3.8 percent opal ¢ . 2: 340 
Low-alkali cement (unhydrated) 3: 5 181 
High-alkali cement (unhydrated) j ; 546 
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ation one realizes that NaOH is considerably more hygroscopic than sodium 
silicate. This fact is easily demonstrated by placing a pellet of NaOH in an 
open dish where it will pick up enough water from the atmosphere to go into 
solution whereas a drop of sodium silicate gel under the same conditions 
will dry out. Apparently the free NaOH is removed from the hydrated 
cement by its reaction with the opal so that it is then in a less hygroscopic 
form and therefore can pick up water less rapidly. 

Hygroscopicity curves are also shown on unhydrated powders of the same 
two cements (curves shown in dotted lines). It is a possibility that the great 
difference in hygroscopic activity of the two cement powders may be due 
to properties other than the difference in alkali content. Differences in 
chemical composition, compound composition, rate of hydration or carbo- 
nation, or even differences in surface areas might easily be the cause of these 
hygroscopic variations. For these reasons no valid comparisons can be 
made between the hygroscopicities of unhydrated high- and _ low-alkali 
cements. Regardless of the cause of the hygroscopic differences, the data 
are interesting if only for the fact that the method, as suggested by R. L. 
Blaine, might be developed into a test to predict the relative ‘“‘sack life’’ of 
different cements. 


Volume increase 


The increase in volume which results when opal is converted to the alkali 
reaction products determined as described above was found to be about 
300 percent. This value may be compared with a theoretical increase in 


volume by making certain assumptions. Since the water content of the opal 
is about 5.3 percent (Table 4) the formula might be written as SiO, - 1/5 
H,O. Taking 2.2 as the density of opal,'® the molar volume may be calcu- 


lated as 29 cc. If it is further assumed that the compound formed on re- 
action is Na2O-SiO.-6H2O with a density of 1.81,'7 a molar volume of about 
127 cc may be calculated. The increase in volume when opal is converted 
to sodium silicate would then be (127—29)/29 or about 340 percent. Since 
it is entirely possible that some of the sodium silicate might be in the form 
of even higher hydrates, the value of 300 percent expansion obtained ex- 
perimentally appears quite conservative. 


It should not be construed that a definite sodium silicate compound is 
formed; the discussion is simply meant to illustrate the theoretical possibility 
of great expansion. 


Mortar bar expansion 


Only a few results of the expansion measurements will be shown here since 
a full report would add little to the detailed and careful work done by Stanton, 
Hansen, Vivian, and others. The curves (Fig. 12 and 13) using Pyrex as 
the reactive aggregate correlate well with data on natural aggregates as 
reported by other investigators;'?:* however, some differences are perhaps 
worthy of note: (1) There is an increase in expansion with increase in Pyrex 
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Fig. 12—Expansion of mortar bars made with high-alkali cement and various 

percentages of Pyrex (passing No. 50 and retained on No. 100 screen) replacing 

the standard Ottawa sand. Bars aged over water in sealed cans for 290 days 
at 100 F. Data from Table 9 


content up to the maximum amount used, namely 8 percent (Fig. 12). Woolf* 


has indicated that in his laboratory maximum expansion has been approached 
but probably not reached even at 20 percent Pyrex. (2) Maximum expansion 
occurs at about No. 50 to No. 100 sieve sizes, and actual shrinkage occurs 
at sizes below No. 325 under the conditions illustrated in Fig. 13. The shape 
of this curve is much the same for different percentages of Pyrex; however, 
the peak tends to shift toward the larger sieve sizes with decrease in the 
percent of Pyrex and with increase in the age of the bars. 


Microscopic studies 
The microscopic studies of the Pyrex-silica-sand mortar bars described 


*Donald O. Woolf, Bureau of Public Roads, personal communication. Using 0.8 percent equivalent alkalies, 
sieve size 20 50 mesh, age | year. 


TABLE 10—EXPANSION OF MORTAR 
BARS MADE WITH HIGH-ALKALI 
CEMENT AND WITH 8 PERCENT OF 
THE OTTAWA SAND REPLACED BY 
PYREX* 


TABLE 9—EXPANSION OF MORTAR 
BARS MADE WITH HIGH-ALKALI 
CEMENT AND VARIOUS PERCENT- 
AGES OF PYREX* 


yrray 2ree: wre = rep 
Pyrex, percent Expansion, percent oe Epansién, péreent 
: oo No. 4 to No. 8 0.044 
4 0 126 8 to 50 0 218 
6 0.670 5Oto 100 0.455 
g 1 056 100 to 200 0.021 
200 to 325 0.008 
through 325 —0.007 


*Pyrex (passing No. 50 and retained on No. 100 sieve) 
replacing the standard Ottawa sand. Bars stored over 
water in sealed cans for 290 days at 100 F. *Bars aged over water 113 days at 100 F. 
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Fig. 13—Expansion of mortar bars made with high-alkali cement and with 


8 percent of the Ottawa sand replaced by Pyrex. Bars aged over water in 
sealed cans 113 days at 100 F. Data from Table 10 





above were discontinued because no reaction zones could be observed and 
because it was impossible to follow the course of the cracks through the maze 


of quartz grains. Therefore neat cement bars were made containing opal 
grains sized to pass through No. 16 and be retained on No. 20 sieves. It was 
possible by means of polished sections from these bars to observe the effects 
of the alkali attack from the initial softening of the opal grains through 
later stages of gel formation and cracking of the cement bars. It appears 


from these studies that the first sign of reaction is not always on the outside 
surface of the opal grain, but that the reaction is often first evident on the 
inside of the grain leaving an outer shell of apparently unreacted material 
about 50 microns in thickness (Fig. 14).* This fact is made evident by the 
snowy white color of the center, in contrast to the glassy outer shell of the 
grain. Also, on drawing a needle across the surface of the grain, the outside 
is found to be hard and the inside very soft. This type of reaction may 
possibly be explained by one or some combination of four phenomena: (1) 
a minute capillary crack in the opal grain which could allow the solution to 
enter and react with the center portion of the grain (before reaction on the 
outside of the particle is visible); (2) a rhythmic type of reaction which may 
proceed from the outside of the opal grain toward the center such as is 
characterized by “Liesegang’s Rings;’’'* which however, are usually demon- 
strated as proceeding from the inside of a gel to the outside in concentric 
rings; (3) an outer rim of calcium silicate complex with a different appearance 
than the sodium silicate complex in the center, perhaps formed as suggested 


*Also see Jones and Vivian's photographs,’ Plate 4 and 5, Bulletin No. 256 
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Fp = Faget te xa Fig. 14—Photograph of a 
a2 e-- polished section of opal 
passing No. 16 retained on 

No. 20 sieve in high-alkali 

cement. Note particularly 

the angular grains (No. 1 

and 2) showing reaction in 

the center portion (soft and 

white) and the dark outer 

edge about 50 microns in 
thickness. Specimen aged 

over water 4 days at 70 F. 

Magnification 20X 


by Verbeck and Gramlich;* (4) a Donnan membrane effect whereby a high 
concentration of migratable Na* ions may be built up in the interior of the 
opal grain. 


This shell might also be caused by a combination of items 3 and 4. The 
Donnan theory states that the concentration of electrolytes inside the mem- 
brane (in this case inside the opal grain) must be greater than the concen- 
tration outside the membrane (in the cement paste). The positive ions of 
major interest in this case will be Ca** and Na‘, and since the solution in 
the cement paste is already saturated with respect to Ca** the solution just 
inside the opal-cement interface must be supersaturated and the calcium will 
be precipitated. The increased concentration of Na” in this region will 
decrease the solubility of Ca** and increase the tendency for precipitation. 
The positive calcium ions which’ migrate through the cement-opal interface 
might possibly be precipitated as a calcium silicate calcium hydroxide 
mixture in the 50-micron layer on grains | and 2 shown in Fig. 14. However, 
any extensive diffusion of the Ca** into the opal grain will be inhibited by 
the high concentration of Na*, and additional precipitation of Ca(OH). 
may readily extend outward into the hardened cement paste. Viviant has 
demonstrated such an effect by placing concentrated sodium silicate gel in 
the bottom of a tube, placing the tube and gel in saturated calcium hydroxide 
solution where almost immediately a white precipitate (perhaps calcium 
silicate) was formed at the gel solution interface. The thickness of this 


*George Verbeck and Charles Gramlich, Portland Cement Assn. Laboratories, personal communication. 
?tReference 3, Part XV, Bulletin No. 256, p. 65. 
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precipitate increased, not in the direction of the gel, but out into the calcium 


hydroxide solution. 

McConnell et al'® have reported perhaps the same type of reaction with 
other aggregates which they describe as follows: ‘Interaction with cement 
alkalies may weaken the peripheral zone of an aggregate particle and a rela- 
tively thin shell of rock substance may separate from the interior portion. 
In thin section this appears as a narrow ring separated from the main body 
of the aggregate grain; this space may contain siliceous gel or other secondary 
substances.’’* 

McConnell ef al'*: ®-''® have also shown that the amount of silica going 
into solution when reactive aggregates are treated with NaOH cannot be 
correlated with the observed decrease in the alkalinity of the solution. This 
fact, also may be explained by the uneven distribution of the migratable ions 
(Donnan effect) between the aggregate interface and the surrounding solution. 
In their experiment the Na” ions are held by electrostatic forces to the silica 
framework of the reactive aggregate and are thereby removed from the 
filtrate before the titration against HCL solution. 

Other evidence that the aggregate has suffered chemical attack (as was 
demonstrated by the interferometer procedure) can also be seen in the labo- 
ratory, and is illustrated here by Fig. 15. This polished section of Pyrex in 
high alkali cement—-which on the first observation showed characteristic 
expansion, gel formation, and the accompanying cracks—had been exposed 
in the laboratory for several months. A second observation showed not only 
that the gel in the pores and large cracks had shrunk and pulled away from 
the surrounding cement paste, but that the reacted Pyrex grains themselves 
had partly dissolved and shrunk enough to leave an open space around their 
outer edge. 


General discussion 

In reviewing the above tests, one wonders how to reconcile the fact that 
opal is attacked in alkaline solutions with resultant decrease in volume with 
the observed fact that the alkali-aggregate reaction causes expansion of the 
mortar bars. Since the free water and Na”™ are not parts of the concrete 
structure, their movement by diffusion will not (in the absence of chemical 
reaction) affect the over-all volume of the bar. However when they react 
with an opal grain, the products of reaction must occupy the space formerly 
occupied only by the opal. Since, in the first stages of the reaction, the 
silica is not free to move, enormous local stresses are developed, and the 
result is a series of small cracks in the concrete member. The experiment 
described on p. 27 is an attempt to estimate the minimum volume necessary 
to accommodate the products of complete reaction between Na* and a known 
volume of opal. While the conditions of this experiment do not exactly 
parallel the conditions existing in a mortar bar, the 300 percent volume 
increase found approximates the minimum potential expansion of the opal. 


*See also Brown, L. S., ‘Mechanism of Reaction,"’ Rock Products, V. 57, No. 9, Sept. 1954, p. 86 
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Fig. 15—Photograph of a 
dried polished section of 
Pyrex in high-alkali cement 
showing shrinkage of gel 
in pores and cracks as well 
as decrease in size of the 
Pyrex grains themselves. 
Magnification 20X 


This expansion in hardened materials is not unique. Plaster failures have 
been described, where MgO is shown to pick up moisture from the atmosphere 
(or from the wet plaster itself) to form Mg(OH). and the resultant expansions 
have been enough to cause destruction of white-coat plasters.?° 

The alkali-aggregate reaction is not a simple one, and the pressure developed 
by the uneven distribution of the migratable ions with the accompanying 
formation of sodium silicate hydrate is undoubtedly increased by the osmotic 
action of the cement paste as demonstrated by Hansen.? Also the sodium 
silicates formed are very hygroscopic and, as shown by Vivian,* can expand 
about 130 percent in volume by picking up 32 percent of their weight in water 
and still remain in the form of a hard gel. The expansion of the gel is possibly 
capable of causing considerable damage. After the initial cracks have been 
opened, the gel, by picking up additional water becomes soft and is squeezed 
into pores and cracks, or is exuded on the surface as a damp spot or as a bead 
of gel. In a dry atmosphere this gel drys out and shrinks.t 


CONCLUSION 


It is believed that the expansive forces responsible for the alkali-aggregate 
disintegration are initiated by the ion exchange reaction (or Donnan effect) 
between free water, migrating soda, and the reactive aggregate. This re- 


*Reference 3, Bulletin No. 256, p. 77. 

tIf wet sticky spots or sols on the surface of the test bars appear before expansion or cracks develop?! the ex- 
planation might well be the condensation of moisture in the presence of the readily available soluble electrolytes 
of the cement, such as Nat, K*, Ca**, or alkali silicates. These alkali silicates could readily have been formed 
during the time of mixing and setting of the cement. One would expect the damp spots to be located near reactive 
aggregate particles; since the concentration of the electrolytes is greatest at these points. 
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action brings together the components necessary for the formation of a hy- 
drated sodium silicate complex of much greater volume than the original 


aggregate. Continued swelling may then be caused by the osmotic action 


of the cement paste and by imbibitition of water by the hydrated sodium 
silicate complex. 
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Title No. 52-3 


Architectural Integration of Lift-Slab Techniques’ 


By EBERLE M. SMITHT 
SYNOPSIS 


Recognizing a need for greater coordination of the duties of architect and 
structural engineer, the author explains his experience with lift-slab con- 
struction, using as special reference the new Rouge Office Building of the 
Ford Motor Co., one of the largest structures built using the lift-slab tech- 
nique. Certain structural characteristics such as the rigid column pattern 
vertically and the advantage of cantilevers are pointed out. The author 
discusses footing and slab deflection problems, and explains the advantage of 
the photo-reflective system of stress analysis in slab design. How a number 
of other architectural and mechanical features of a building affected by the 
lift-slab technique must be considered in the architect’s planning is dis- 
cussed. Concluding the article is a summary of the advantages and dis- 
advantages of lift-slab in modern building and a brief appraisal of the future 
promise of this new method. 


INTRODUCTION 


In the minds of many there is still the traditional tendency to regard the 
architect’s responsibilities as those of an “exterior decorator.’’ Architecture, 
to these people, is a matter of appearance; whereas the ability of a building 
to stand is the realm of the structural engineer. There is, of course, a measure 
of truth in this differentiation of duties. But though most of us have seen 
the folly of trying to integrate traditional architectural forms with the ad- 
vancing concepts of structural engineering, there is, even in contemporary 
architectural design, too often a lack of understanding between the two 
fields of endeavor. Good architecture, above all, must provide usable space, 
and this requires a carefully integrated relationship of structure and function 
to take full advantage of technological advances in materials, mechanical 
equipment, and construction techniques. 

For many years thoughtful people in the building professions have regretted 
the slow and expensive method of building a timber structure first, within 
which a concrete structure is then formed. It was not until 1948 that the 
first trials with the lift-slab method of construction indicated that the tra- 
ditional falsework for concrete buildings could be largely eliminated. Not 
only does the science of lifting slabs realize positive savings in materials and 
time, but because productivity of men is greater at ground level, labor costs 
are dramatically reduced. 

*Received by the Institute Nov. 20, 1954. Title No. 52-3 isa part of copyrighted Journat or Tux Ament 
can Concrete Institute, V. 27, No. 1, Sept. 1955, Proceedings V. 52. Separate prints are available at 35 
cents each. Discussion (copies in triplicate) should reach the Institute not later than Jan. 1, 1956. Address 18263 W. 
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It was a desire for speed and economy that prompted the Ford Motor Co. 
to choose lift-slab for its new Rouge Office Building in Dearborn, Mich. 
Planned to house five major administrative divisions of the largest industrial 
plant in the world, the building will provide nearly 400,000 sq ft on three 
floors. It was the problem of the author’s firm to integrate the functional 
requirements of this vast area with the structural technique, to the maximum 
benefit of each (Fig. 1). 


DESIGN CONSIDERATIONS 

Characteristics of lift-slab method 

As we begin to examine a lift-slab building, one important design aspect 
becomes immediately apparent. That is the rigidity of the column layout. 
The basic method of concreting the upper floors and roof at ground level and 
elevating them by hydraulic jacks to their proper height (Fig. 2), determines 
that the method of erection becomes the system of framing. Because the 
columns are continuous through the height of the building, their pattern is 
fixed; but because the slabs have no beam or column cap projections, there is 
great freedom in the location of walls. The Rouge Office Building utilizes 
this freedom in its exterior walls, most of which are of lightweight insulated 
aluminum panels; and in its interior walls, the majority of which are movable 
metal partitions. 
Site conditions 

For a backyard the Rouge Office Building has the sprawling industrial 
complex of Ford’s River Rouge plant. On what was once river bottom land 
Henry Ford the elder elected to locate the hub of his automotive empire, and 


his decision has haunted many a structural engineer with worrisome footing 
problems. Particularly with this type of three-story building, with fairly 


Fig. 1—Over-all perspective rendering and close-up of main entrance 
Ford Motor Co. Rouge[Office Building 
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Fig. 2—First slab on way to top. Note hydraulic jack mechanism, lifting 
rods, and temporary steel bracing at top of columns 


high concentrated loads, soil conditions are a matter of major concern. Here 
the decision was made to keep building height and weight to a minimum, 
meeting structural requirements with high-strength concrete. The ground 
floor slab, partially supported on fill, is 6 in. thick and the lifted slabs measure 
1014 in. Due to the thin crust soil conditions, a ‘floating’? pad foundation 
was at one time considered. However, it was decided that strip footings of 
2500 psi concrete up to 10 ft wide, continuous beneath the rows of columns, 
would accomplish the same effect with less weight and less expense. Fortu- 
nately, prior concept of the building requirements eliminated basements, 
thus avoiding many foundation problems and saving immeasurably in erection 
time. For the same reason pipe trenches beneath the building were kept to a 
minimum. It should be pointed out that, until the lifting of the slabs com- 
mences, the first floor slab takes the distributed load of all the floors above. 
This comprises about 70 percent of the total building weight. 


Photo-reflective analysis 


After the preliminary scheme of the office building had been determined 


and such basic characteristics as total area, bay sizes, and slab opening 


locations had been set, the plans were submitted for a Presan analysis. The 
solution accomplished by the Presan photo-reflective method is the distri- 
bution, both qualitative and quantitative, of moments, shears, or stresses 
within indeterminate plate systems subjected to bending. This method 
measures the curvature of neutral surfaces through optical measurement of 
the lucite model of the prototype under hydrostatic pressure and converts 
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the results into conveniently usable data for amount and distribution of 
steel. Thus the analysis of flat plate construction by empirical methods is 
rigidly checked by a physical means. It was felt that use of the Presan 
analysis distributed the steel more advantageously. 
Cantilevers 

The advantage of cantilevers is always a consideration in flat plate ‘struc- 
tures and lift-slab requires of its architectural designer a clear understanding 
of this advantage. Because cantilevered edges of slabs lessen positive moment 
in exterior bays, full advantage should be taken of this fact to provide economy 
of steel and reduce deflection in bay centers. The cantilever is almost an 
integral part of lift-slab construction and at the Rouge Office Building the 
soaring cantilever of the main entrance canopy is intended to symbolize this 
structural character (Fig. 3). In this building the typical exterior cantilever 
is 4 ft. How this was incorporated into the architectural design while avoid- 
ing undesirable free-standing columns within the offices will be discussed in a 
succeeding paragraph. 


Provisions for camber 

There is apt to be deflection at the center of spans in plate design and so 
it was deemed advisable to cast a quilted-type camber into each bay of this 
building. Bay sizes vary from 22 ft 6 in. x 22 ft 6 in. with a 34-in. camber 
to 30 ft 8 in. x 30 ft 8 in. with a *4-in. camber. Because each slab is the form 
for the slab above, a permanent convex camber is constructed in the ground 
floor slab of one half the theoretical total ultimate deflection of floors above. 
Thus the noticeable deflection is split half in the first floor slab and half in 
succeeding floors above. The computations for deflection were based on 
the traditional modulus of elasticity of 3,000,000 psi, but in actuality, de- 








Fig. 3—Perspective section through main entrance canopy 
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flection will not be as great as expected. Tests by Professor Mayrose, research 
engineer, University of Detroit, have indicated an actual modulus of elas- 
ticity of 3,750,000 psi for the concrete used. This concrete uses a slag ag- 
gregate, for the double reason that slag is a Ford Motor Co. by-product and 
that it is fairly light in weight. This concrete averages 138 lb per cu ft as 
compared to 150 lb per cu ft for stone aggregate concrete. 


ggreg 
Slabs 

In certain types of construction, structural strength requirements are met 
by thickening slabs. Not so with lift-slab. As in other,types of flat-plate 
construction, the floor thickness is consistent throughout. Concrete strength 
can, however, be varied. In this building, while the superstructure is generally 
specified to be 3009-psi concrete, certain areas of high positive moment, 
such as the larger bays and the end bays of the wings, call for concrete mixes 
up to 4500 psi strength. Here again tests at the job site indicate considerably 
higher strengths than specified. This is believed to be largely due to the use 
of the vacuum process of removing excess water from newly placed concrete. 


Framing problems 

An important structural problem in lift-slab is that of horizontal loads and 
eccentric loading. The columns are, in effect, cantilevered beams until the 
top slab is in place (Fig. 2). Thus it is imperative that the columns be exactly 
plumb. Even after the slabs are in place there are horizontal wind loads 
and the consequent “racking” tendency. This can be overcome by planning 
a wide building. It has sometimes been thought that lift-slab, or, for that 
matter, any flat plate type structure, was not well suited to office building 
design because interior space in a wide building is less usable and less desirable. 
Fortunately, the owner desired large windowless interior areas for file space 
and certain other uses, and so the four-bay width of the two main wings 
totals 106 ft 4 in. each. This was adaptable to office function by using a 
double corridor and offices at the periphery of each wing, leaving a central 
core. Incidentally, the extensive use of files in this central core is desirable 
in reducing positive moment in the outer bays. The horizontal wind loads 
are taken by the columns, but since the slabs are secured to the column only 
with shear heads, there is no transfer of slab moment to the columns. 

This freeing of the columns from any coupling moments is desirable be- 
cause the L/R ratio is critical in their design. For this same reason the over- 
all height of the building is kept to a minimum. In this building the typical 
column is 33 ft 734 in. high and rests on a bearing plate secured to the foot- 
ing with four 114-in. round anchor bolts. The vertical distance between 
slabs is 10 ft. Because in most projects we are more concerned with static 
load conditions than with moments induced in the column by slabs, it is 


desirable to use column sections whose moments of inertia about the major 


axes are equal. This explains why lift-slab has usually been done with pipe 
columns or boxed angle columns. However, the hydraulic jack mechanism 
is so designed that the threaded tension rods that raise the slab are spaced 





40 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE September 1955 


15 in. on center. This dimension somewhat restricts the column shape and 
the Rouge Office Building columns are 10 in. steel H-sections of several 
different weights, depending on the loads they carry. 
Slab lifting pattern 

At the present time the controlling “console” which activates the hydraulic 
jack equipment is designed to accommodate a maximum of 12 columns at 
a time. Thus, as far as the actual lifting operation is concerned, a twelve- 
column slab may be raised almost as quickly as a six-column slab. With 
this criteria in mind the slab-lifting pattern is laid out. In the Rouge Office 
Building, while there are several twelve-column lifts, the typical four-bay 
width lent itself more satisfactorily to ten-column lifts and the majority 
are of that type. In all, the building is supported by 270 columns and there 
are 28 individual slabs per floor. The typical slab is about 5000 sq ft in area 
and weighs 600,000 lb. Each slab is raised at the rate of 3 to 5 ft per hr. 
Using two sets of lifting equipment, usually two are lifted each day. 

Because lift-slabs are limited to twelve-column lifts, it is necessary to join 
the raised slabs in some manner. All slabs have cantilevered edges extending 
out a distance of 42.5 percent of the adjoining span. This leaves a space of 
3 ft 6 in. between adjacent slabs, which is called a connecting strip. The 
edges of the cantilever span are shored up to take out some of the deflection 
and the connecting strip is cast in place with the result that continuity is 
developed between the slabs (Fig. 4). Not only must the reinforcing bars 
that project from each slab be lapped and welded, but electric raceways 
must be joined. The connecting strip must be of sufficient width for the 
tying together of reinforcing and raceways before they are encased in concrete. 


Interior layout and utilities 


It has been pointed out that one of the significant advantages of lift-slab, 


Fig. 4—One wing of lifted slabs. Some of the connecting strips are 

still incomplete but others have been shored up and concreted. Mechani- 

cal ductwork has already begun to be located in interior of building. 
Eight-inch steel girt beam can be seen at third floor level 
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as with any flat plate construction, is the freedom it provides for wall place- 
ment. In this building virtually the only fixed interior walls are around such 
permanently located areas as the toilets, stairs, escalators, garage, receiving 
and storage rooms, vaults, and kitchen and cafeteria areas. Most of the 
floor area of the building is devoted to office space and can be subdivided as 
function dictates by the use of movable metal partitions. Like all the walls, 
column spacing, sash, lighting, etc., in the building, these partitions follow 
the governing 4 ft 6 in. module. The exterior walls are generally of the 
“thin-skin” nonstructural type. Only the end walls of the wings are masonry 
(Fig. 5). 

It was decided to use a relatively short cantilever, 4 ft, at the perimeter 
slabs, thereby accomplishing several purposes. The sash runs continuously 
just outside the columns, which avoids free-standing columns within office 
areas, and the shelter provided by the overhang greatly reduces the air- 
conditioning load. The sill height of the windows of 4 ft 5 in. was selected 
because it permits file placement beneath the windows. Because it was 
structurally desirable to limit the building height, the offices generally do not 
have furred ceilings. This fact limited air duct distribution. Thus the space 
beneath the windows is utilized fully for heating and air conditioning ducts. 
An 8-in. girt beam connects the exterior columns and serves the multiple 
function of supporting the continuous sash, the sloping insulated aluminum 
spandrel panels, the interior metal wall panels and stools containing air supply 
grilles, and as a supplementary stiffener against lateral wind loads (Fig. 6). 

This building, with its large interior areas, needed a ventilation system 
supplementary to the peripheral ducts referred to above. This need was met 
by dropping the ceiling height in the corridors throughout and in one central 
strip down the center of the interior bays to 8 ft, thus creating in the furred 
space adequate provision for air supply and return. This furred ceiling space 
is of metal lath and plaster suspended from inserts cast in the lifted slab. 














Fig. 5—Sash and sloping ribbed aluminum insulated panel spandrel. 

Spandrel covers round duct beneath it. Brick end wall at right. Pedes- 

trian bridge will cross about half way down on this wing to matching 
wing to left 
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In lift-slab all electrical outlets, conduits, telephone and intercommunication 
raceways, and plumbing sleeves are imbedded within the slab. In general 
the procedure before concreting is for the bottom mats of steel reinforcing 
to be placed, then the electrical conduits and outlets, communications race- 
ways, and plumbing sleeves, and finally the top mats of reinforcing. Inci- 
dentally, the structural engineer’s decision to use no bent steel bars in rein- 
forcing somewhat simplified layout of the mechanical equipment in the slab. 
Twenty vertical electrical utility cores rise in various locations. Among the 
spaces required for mechanical equipment housing are three cooling towers 
for the air-conditioning system. These penthouse structures present no 
special problems. Their supports are merely a longer continuation of the 
standard column height. 

The slabs, concreted one atop the other, must have a separating com- 
pound to prevent bonding between upper and lower s‘abs during lifting. 
Various methods have been tried, and it has been found that oil or wax 
separators are not satisfactory because finish materials such as acoustic 
tile or asphalt tile do not later adhere well to the treated surfaces. Now a 
silicon separating compound has been developed that solves this problem 
and finish materials are found to adhere well with mastic. After the slabs 
are at least 18 hr old, the concrete is thoroughly coated with this separating 
medium and within 1 hr the electrical and mechanical trades move in to 
paint the exact location of their outlets and sleeves on the surface. At the 
same time the masonry partition locations can be marked. It has been found 
that after the next slab is concreted and raised that these painted indications 


appear in mirror image on the ceiling. This helps assure perfect vertical 
alignment of mechanical ducts and walls throughout the height of the structure. 
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Fireproofing 

Fireproofing is always a serious consideration in architectural planning. 
Obviously, in a lift-slab structure, it is not the slabs but the steel columns 
that are vulnerable to fire. Usually lift-slab has been done with boxed steel 
columns or pipe columns. When these columns are filled with concrete, 
many communities give them a 2-hr fire rating. Since in this building the 
columns are 10-in. H-sections, fireproofing is provided by a 16-in. square 
metal lath and 1-in. perlite plaster enclosure on metal furring, which gives 
a 4-hr rating. 


Interior finish 


The floor, wall, and ceiling finishes of this building are not unlike any 
similar office structure, and yet there are certain architectural considerations 
of lift-slab which ought to be pointed out. The first aspect of this technique 
that comes to mind is the fact that, since the floors provide the casting deck 
for the ceiling above, unusual care must be taken to provide a smooth finish 
on the floors. The acoustic problems are handled, generally, by applying 
acoustic tile directly to the ceilings with mastic. It should be pointed out that, 
while the slabs can be adjusted to 14-in. variance in vertical height, there 
are inevitably slight imperfections in concrete screeding and so the masonry 
opening dimensions between adjacent slabs may vary as much as %-in. 
Because of this differential and because of deflection problems, it is well 
for the architect, in designing such things as exterior metal wall panels, to 
allow for minor dimensional adjustments in the field. Similarly, it is wise 
to allow for the camber of the floor slabs in detailing the interior movable 
metal partitions. The 7 ft height of these partitions in the Rouge Office 
Building allows for a mineral board filler above them that is expected to ac- 
commodate any dimensional variations. It has been thought by some that 
a more satisfactory solution to the problem of pre-camber of the supported 
first floor would be to use a grout or bituminous concrete of the proper form 
on the casting floor which could later be removed, exposing the level floor. 
In practical experience, however, it has been found that, with this method 
of producing pre-camber, the surfacing material is of such fragile dimension 
that it becomes damaged by the work that takes place on top of it prior to 
concreting the next slab. 


Another thought for the architectural designer concerns the question of 
floor finishes. Such materials as asphalt, cork, or vinyl! tile are easily handled. 
Not so simple, because of their added depth, is the use of terrazzo, ceramic 
tile, or quarry tile. In the permanently fixed first floor, depressing a slab 
is no particular problem. A type of false work called a ‘‘mud sill’ can be used 
as a casting deck and then removed. However, in the upper floors we are 
more reluctant to borrow from the slab depth and so we usually elevate the 
floor finish. In the Rouge Office Building 1-in. marble step thresholds lead 


to the ceramic tile toilet room floors, and 2-in. asphalt tile ramps slope up to 
the quarry tile kitchen floors. A different, and yet related, problem is that 
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of providing sloping floors to a floor drain in a slab that is the form for its 
ceiling above. In the executive garage, for example, it was necessary to use 
a level grout finish for a forming surface. This was later removed to expose 
a floor with the necessary pitch to the drains. 
Roofing 

Roofing a lift-slab structure is little different from roofing any other concrete 
building, except that in this case the top of the roof slab comes to rest 2 in. 
below the top of the steel columns. This protruding steel is burned off and the 
column collar is filled with concrete to be smooth with the slab, after which 
roofing proceeds. To reduce the air-conditioning load, the roof of the Rouge 
Office Building is to be, during warm months, a 2-in. deep evaporative cooling 
pond. The roofing material is of built-up pitch and slag on 1-in.-thick rigid 
insulation, the water being retained by a 4 in. canted aluminum gravel stop. 
Floor openings 

In any large office building the handling of vertical transportation of 
personnel and the consequent openings in the floors is a part of planning. 
In lift-slab, as in any flat plate type of construction, large floor openings and 
their effect on the structure must be carefully thought out. The usual rule- 
of-thumb relegates these openings to the middle one-third of the bays, but 
careful structural analysis will permit locations much closer to the columns. 
In the Rouge Office Building nine stairways, two hydraulic elevators, and 
two escalators penetrate vertically through the lifted slabs to provide for 
pedestrian traffic. The stairways are of steel for the multiple reasons of 
weight reduction, ease of attachment, and the time schedule advantage of 
prefabrication. Only the escalators, because of weight- and the very large 
floor openings required, posed unusual problems. Here extra pairs of columns 
were spotted to help frame the escalator openings, the only places in the 
project where columns were at variance with the modular grid. Another 
unusual feature of traffic handling in this structure is the glassed-in double 
deck pedestrian bridge between the second and third floors of the two main 
wings. Elevated to permit trucks to reach interior court loading docks and 
cars to reach the executive garage, the bridge spans over 55 ft between free- 
standing concrete columns. Formed of precast hollow concrete girders, it 
will be raised, not by hydraulic jacks as were the floors it connects, but by 
cranes. 


POTENTIALITIES OF LIFT-SLAB 


Experience rewards the thoughtful architect with new insight and fresh 
perspective, and the Rouge Office Building has provided its architects with 
increased awareness of the potentialities as well as the problems of the up- 
to-the-minute technique of lift-slab. As we think of its development, several 
significant aspects loom up in our retrospective view. First is the ingenious 
simplicity of the structural system with its many ramifications of speed and 
ease in erection. Almost simultaneously we become conscious of the im- 
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perative need for all-around building correlation and a well-organized time 


schedule. A lift-slab structure, since it is a method of construction as well 
as a structural system, demands that the first floor be placed earlier than in 
other types of buildings. On a job with extensive basement and underground 
work, to be able to do no overhead construction until the first floor is in 
place could delay progress and be a serious liability. While sliding large 
boilers in beneath the concreted first floor has been done with lift-slab con- 
struction, it leads to complications that cannot be disregarded. 

Lift-slab has by no means reached its ultimate development. To date it 
has been limited largely to flat plate and waffle-type floors, but it could 
conceivably be used to raise a beam-and-joist type of framing. In flat slab 
construction the maximum bay size from the standpoint of economy is about 
32 ft square; but prestressing slabs could increase this span area greatly. By 
using inverted or formed beams, spans of 68 ft have already been lifted. 

Architecture, we said in the introduction, is the provision of usable space. 
It is this, certainly, but it is more. It is, in a building, the coordinated entity 
of inside, outside, and structure; and, if it is to be totally satisfying, it is 
beautiful as well. Lift-slab provides architects with unusual opportunity to 
play with gravity by floating great hovering planes on apparently fragile 
supports and to express shelter with long uncluttered sweeps of roof. And 
since honesty of structure is virtually synonymous with beauty of form, 
lift-slab, intelligently used, promises, for those of us who build, new aesthetic 
values as well as monetary savings. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JouRNAL pages. 
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Theories of Creep in Concrete™ 
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SYNOPSIS 


Various theories of creep in concrete are critically reviewed. It is sug- 
gested that creep is due to more than one cause, notably to viscous flow with a 
gradual transfer of load to the aggregate, and to moisture movement due to 
evaporation and external force, this movement being of the nature of increased 
shrinkage as compared with a similar unloaded specimen. 


INTRODUCTION 


The phenomenon of creep, or plastic flow, in concrete is not an anomaly 
in nature. Creep, in the broad sense of the word, is encountered in some 
other materials, such as synthetic resins, timber, metals and, to a limited 
extent, in rocks. But how the mechanism of these various creeps compares 
is not definitely known. 

A number of different theories explaining the creep in concrete have been 
put forward. These are reviewed. 


MECHANICAL DEFORMATION THEORY 


Freyssinet':? attributes the behavior of concrete under load to internal 
stresses set up as a result of the change in the form of the capillary structure 
of the cement paste under load. On removal of the load, the resulting 
changes in the pressure differences between the water and air phases within 
the capillary structure create forces which tend to return the capillaries to 
their original shape. In other words, there is a complete recovery of creep 
but the time for its completion is infinite, just as the limiting creep value is 
achieved only in an infinite time. 

In a later paper, Freyssinet* states that loading “increases the probability 
of rearrangements which lead to a reduction of volume of concrete.”’ One 
part of the creep is due to “the tendency of the whole system towards maxi- 
mum stability;” the other part consists of “elastic deformation deferred by 
the wetness of the concrete due to pressure.”” This part of creep is believed 
by Freyssinet to be completely reversible. There appears to be no experi- 
mental evidence corroborating this theory. 
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PLASTIC THEORIES 


It has been suggested that the creep of concrete may be of the nature of 
crystalline flow, 7.e., a result of slipping along planes within the crystal lattice. 
This would be similar to the plastic flow of metals, and Vogt* observed that 
in some respects the mode of deformations of concrete is similar to that of 
cast iron and most other brittle materials. For instance, if after a period 
under a sustained load a cast iron specimen is subjected to additional load, 
the strain increase is small until the stress-strain curve approaches asymp- 
totically the “virgin” curve, 7.e., the curve which would have been obtained 
by direct stress increase. Similar behavior was observed by Vogt‘ in short 
term tests on concrete specimens. 


But plastic flow of metals is a nonelastic deformation which occurs only 
when a particular stress is exceeded. Some experiments have led Bingham 
and Reiner® to suggest that mortar acts as a plastic solid with a yield point 
of 65 psi, and neat cement acts like a viscous fluid exhibiting creep at the 
smallest loads applied and having no perceptible yield value. The value of 
this yield for mortar is so low as to guarantee little accuracy in its determi- 
nation, and Glanville’s® experiments show that, if there is a particular stress 
for concrete below which no nonelastic deformation occurs as a result of 
loading, the value of this stress is so small as to be negligible. Vogt* and 
Jensen and Richart’ observed creep at stresses as low as one percent of the 
ultimate strength. 


Glanville® suggested that the creep of concrete at low loads is of the form 
of viscous flow, and only near the ultimate load does the deformation take 
the form of slipping. But the relationship between the nonelastic deformation 
and stress is a continuous one and produces a similar curve for both low 
and high stresses.’° It is, therefore, reasonable to expect the mechanism 
of deformations at high loads to be similar to that at working loads. 

Probst’s'® tests on concrete members subjected to alternating loading 
show that, after a number of alternations, concrete ceases to creep and be- 
haves like a perfectly elastic material. No permanent lateral deformation 
results, which is in marked contrast to the plastic flow of metals, in which 
there is always a permanent lateral deformation and a loss of stress-strain 
proportionality for some time afterwards. It may be noted also that, while 
in metals there is little change in volume, although a considerable change 


in the cross-sectional area, the lateral deformation accompanying the longi- 
tudinal creep in concrete under a normal working stress is only about a tenth 


of that necessary for the volume of the specimen to remain constant. 

Thus crystalline flow cannot be wholly responsible for creep. In fact, 
there is no direct evidence of intracrystalline slip, although Bernal, Jeffery, 
and Taylor'' found change in the layer spacing of calcium silicate hydrates 
due to moisture movement. On the basis of crystallographic work, they 
admit the possibility of both inter- and intracrystalline movement. 
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VISCOUS THEORIES 


The viscous theories assume the creep in concrete to be of the form of 
viscous flow with movement of particles, one over the other. 

According to Thomas" concrete consists of two parts: (a) cementitious 
material, which behaves in a viscous manner when loaded, and (b) inert 
aggregate, which does not flow under load. When the concrete is loaded, 
the cement flow is resisted by the presence of the aggregate, and as a result 
of this resistance the aggregate becomes more highly stressed while the stress 
on the cement decreases with time. Now, since the creep of cement is pro- 
portional to the applied stress, the rate of creep will be progressively reduced 
as the load is transferred from the viscous to the inert material. Hence, 
Arnstein and Reiner" infer that the rate of creep should depend, ceteris 
paribus, on the nature of the cement but not on the nature of the aggregate. 
The author believes, however, that the magnitude of the deformation will, 
under the circumstances, also depend on the modulus of elasticity of the 
aggregate, and may be affected by the creep of the aggregate itself, in view 
of the high stresses induced in it. 

Arnan, Reiner, and Teinowitz'* recognize part of nonelastic strain in 
concrete as delayed elasticity but consider the true creep to be viscous in 
nature. Arnstein and Reiner'® compare creep of concrete with the behavior 
of a sand-water mixture. There, the angle of repose increases as water is 
added to dry sand. This continues up to an optimum water content above 
which an increase in the water content results in a decreased angle of repose. 
The aggregate is assumed to correspond to the sand, the cement paste to the 
water, and the rate of creep to the angle of repose. Arnstein and Reiner 
further assume an analogy between viscous flow and elastic strain, and take 
the coefficient of viscosity to correspond to the modulus of rigidity in their 
calculations. Neat hardened cement is, according to them, a very viscous 
liquid, whose viscosity “stands roughly in the same relation to the viscosity 
of pitch as the viscosity of pitch to the viscosity of water.’’ Since hardened 
cement paste is known to be partly crystalline, this statement can be re- 
garded only as representative of the magnitude of the movements of the 
three materials under stress. 

Reiner explains creep on the assumption that cement actually flows, 
the aggregate forming an inert suspension. But the author would note that 
the creep of neat cement can be as much as 15 times as great as the creep of 
1:6 concrete under similar conditions, and the rate of creep of neat cement 
has been observed to be twice that of a 1:3 mortar." If the aggregate were 
purely inert it would decrease the creep of neat cement numerically in pro- 
portion to the aggregate-cement ratio. Thus it appears to the author that 
the action of the aggregate in resisting creep cannot be ignored: the aggre- 


gate has, in fact, a considerable influence on the magnitude of creep." 


It may be noted that any form of viscous flow would require a constant 
volume condition of the concrete. As shown earlier, the volume of concrete 
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changes with time under sustained loading, and the viscous flow cannot, 
therefore, be responsible for all creep. 

From the fact that the volume of concrete specimens under a constant 
load decreases with time, Reiner" infers that creep is the case of volume or 
isotropic flow. Experimental evidence, however, shows that the lateral 
pressures required to maintain constant lateral dimensions of sealed concrete 
specimens under constant axial load, decrease rapidly in the first few days 
after loading and more slowly in the later stages. And though for constant 
lateral dimensions the creep is directly proportional to the decrease in volume 
of the specimen, Davis, Davis, and Hamilton'® found that the axial creep 
under conditions of constant lateral dimensions is of the same order of 
magnitude as the creep observed in an identical concrete specimen free to 
move laterally. Thus there is little to substantiate the isotropic flow theory 
of creep. 


SEEPAGE THEORY 


According to the seepage theory, creep in concrete is due to the loss cf 
water from the cement gel. Such colloidal seepage is common in rigid gels.'® 

This behavior of cement gel is based upon the conception of continuous 
growth in concrete over a period of years, propounded by Lynam.”° <Ac- 
cording to his theory, water added to a concrete mix dissolves the surface 
of cement particles and forms a series of solutions and a colloid. The heat 
of hydration evolved causes the colloid to form a gel of calcium silicate. 
This gelatinous mass, probably consisting of minute crystals, serves to connect 
the aggregate particles. The hydration continues, producing a mixture 
consisting of colloid, gel, solutions, and free water which has not yet reached 
the surface of cement. 

The colloidal particles are held in a liquid medium by the equilibrium of 
a number of forces such as crystal-forming tendencies, surface tension, solid 
to liquid attraction, and electrical attraction or repulsion. The particle size 
is so small that the surface-volume ratio becomes considerable and the surface 
activities can overcome the effects of gravity; Powers and Brownyard?! 
found the specific surface of fully hydrated cement gel to be of the order of 
2 X 10® sq in. per g. When colloidal solution turns into a gel, a network 
of the solid phase permeated by a liquid phase is formed. Despite its rigid 
state, the gel can hold an enormous amount of water which can be lost by 
evaporation or expelled by pressure. The mechanism of setting and hardening 


99 


is discussed fully by Bogue.** 


The process of hydration is slow: Giertz-Hedstrom*®* observed hydration 
to penetrate only 4 microns in 28 days. The rate of hydration decreases 
continuously and with coarse grains, often stuck together, and a sluggish 
movement of water, 100 percent hydration may never be reached. Accord- 
ing to Powers and Brownyard,*' complete hydration of cement particles 
larger than 50 microns is not possible even under ideal curing conditions. 
In fact, cement particles 30 years old have been ground and found to possess 
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marked cementitious properties, so proving the existence of unhydrated 
cement.2° Thus in portland cement, unlike in ordinary colloids, the gel is 
produced continuously for a long time after the concrete has set. 

Water existing in the concrete mass can be classified into three principal 
forms:'*:?3 (a) chemically combined water, (b) colloidal or adsorbed water, 
and (c) free water mechanically held within the capillaries in the gel. 
Alternatively, a somewhat arbitrary division into evaporable and _ non- 
evaporable water may be made.?!:*4 

The proportion of the free water is gradually reduced by losses in evaporation 
and by the continuous hydration of cement. The colloidal water is also 
reduced in quantity by the conversion of the gel to a more stable crystalline 
form. As a result, the physical properties of concrete alter with age, the 
strength and the modulus of elasticity increasing with time. 

Wetting of the set cement paste results in the gel taking up liquid and 
swelling; conversely, on drying, expulsion of water and contraction takes 
place. This property of moisture movement was found by White*®® to persist 
for at least 20 years. It has also been found that concrete will absorb a 
certain weight of water before it begins to expand, and that it will go on 
expanding slowly for some time after it has ceased to absorb water.*® 

The volume change depends primarily on the manner in which the water 
is held. White,*® and Lea and Desch*’ found that immersion of small concrete 
specimens in benzene results in no volume change. Since benzene cannot 
hydrate lime or be held instead of the water of crystallization or be adsorbed 
in the gel, benzene could have entered only the capillary channels and micro- 
pores. From this it may be inferred that free water has no effect on the 
movement of concrete; this movement is mainly due to a change of moisture 
content of the gel or to the subsequent coarsening of the gel structure. Hence, 
Lynam?*°® describes both shrinkage and creep as results of the loss of colloidal 
water, though in one case water may be expelled by pressure and in the other 
drawn out by evaporation. 

Thus, apart from the effect of hydration and re-crystallization, the gain 
or loss of colloidal water from the gel is, according to Lynam, the fundamental 
cause of gel volume changes due either to variation in the moisture of the sur- 
rounding air or to pressure applied over a period of time. Experiments by 
Giertz-Hedstrom,”* and Powers and Brownyard?! have shown that there is a 
continuous decrease in the amount of free water and an increase in that most 


firmly held. Chemical and crystalline water cannot be evaporated at ordinary 
temperatures, and they form part of the irreversible stages in maturing of 
concrete. 


Matsumoto** found that the volume of aggregate is not altered by moisture 
conditions and, therefore, he assumed all movement to take place in the set 
cement paste. And, since the rate of creep of concrete is materially affected 
by moisture conditions and by the age of the specimen, a number of investi- 
gators have tried to explain creep in terms of the phenomenon of seepage in 
colloidal systems. Recent work by Jones** has shown, however, the existence 
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of moisture movement in aggregates; this movement is much smaller than 
the movement of cement paste. The ratio of the two movements varies 
from 1/20 for some limestones to 1/3 for sandstones. This is of great interest 
in view of the fact that Davis, Davis, and Hamilton'* found the creep of 
concrete made with sandstone aggregate to be several times the creep of 
similar concrete made with limestone. 

According to Ross***° and Seed*! the vapor pressure of the liquid in a gel 
increases immediately on application of a load. To restore equilibrium 
with the external conditions, moisture is expelled from the gel. Now, in a 
system composed of an elastic solid and a viscous fluid and subjected to 
pressure, the fluid will tend to squeeze out, throwing a progressively increas- 
ing stress on the solid. The pressure on the fluid will correspondingly de- 
crease, and this will result in a reduction of the rate of expulsion of the fluid. 

In addition to being reduced by the gradual transfer of load to the solid 
framework, the rate of expulsion of water is also affected by the rate at which 
the expelled water can seep away. This depends on the moisture gradient 
between the gel and the surrounding medium, and on the quantity of moisture 
in the gel. It is apparent that creep and shrinkage will be affected by any 
factor affecting these conditions, 7.e., they will be a function of many vari- 
ables, such as water-cement ratio, type and fineness of cement, mix propor- 
tions, temperature, age of concrete, compaction, curing conditions, size of 
specimen, and presence of admixtures. 

Davis, Davis, and Hamilton'® arrived at the conclusion that the major 
portion of creep is due to seepage but the remainder may be due either to 
viscous or to crystalline flow. They accepted Lynam’s?® concept of flow of 
water along capillaries: when concrete is stored in dry air, water evaporates 
from the outer ends of the capillaries, producing tension, which draws further 
water from the gel. Thus the drier the air the more rapid the evaporation 
and the more rapid the loss of water from the gel. But the gel itself is hygro- 
scopic and the less water it contains the more firmly that water is held. Con- 
sequently, the moisture gradient along the capillaries becomes flatter and 
the rate of seepage decreases. The gel nearer the concrete surface will dry 
out more easily because of the smaller total frictional resistance to the flow 
along the shorter channels. 

The change in the friction along the capillary channels with the applied 
stress may be accounted for by the following argument put forward by 
Lynam:*® when concrete is elastically compressed it hinders the flow of the 
water by diminishing the cross section of the capillaries and making the gel 
more dense. Thus both the head applied and the frictional resistance grow 
together. But for the agreement with the experimental results it is necessary 
to assume that the friction grows at a lower rate than the head does. Lynam 
believes that the law connecting these rates probably contains terms for the 
surface-volume ratio, water-cement ratio, fineness of cement, humidity and 
temperature of the air, age of the concrete at loading, and the initial modulus 
of elasticity of the concrete. 
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A concrete specimen stored in air of 100 percent relative humidity is ex- 
posed to full vapor pressure of water at that temperature. This vapor pres- 
sure prevents evaporation and the direction of flow is usually inward since 
the hygroscopic gel can then take up water. This will continue until, with 
time, the equilibrium between the outside and inside vapor pressures has 
been reached. As moisture is lost, the gel shrinks owing to the collapse of 
minute pore spaces within it. Conversely, as these pore spaces becom«e 
filled with water, the gel swells. Since this moisture movement can also 
be produced by external pressure, it would appear that shrinkage due to the 
loss of moisture, and creep due to seepage, are interrelated phenomena.'* 
That the mechanisms of shrinkage and creep are the same seems also to be 
indicated by the same characteristic form of the creep-time and shrinkage- 
time curves. 

Lea and Lee’s** conception of creep is based on the fact that the application 
of an external load upon concrete will alter the vapor pressure of the ab- 
sorbed water. This will lead to a change in the water content of gel with 
resultant volume changes. Lea and Lee point out further that even in fully 
saturated concrete immersed in water, the gel water is subjected to stress. 
According to Powers and Brownyard*' the external load affects the free 
energy of the adsorbed water. The resultant moisture movement causes 
localized strains which in turn affect the deformation of the entire concrete 
specimen. It is further possible** that when a compressive load is applied, 
the surface forces due to the solid-to-solid attraction assert themselves over 
a larger area. Since the magnitude of surface forces depends upon the area 
over which they act, the original volume of the body will not be recovered 
upon the subsequent removal of the load, thus leading to irreversible behavior. 

Maney* found little change in the weight of specimens under load as com- 
pared with the loss in weight of freely shrinking specimens, and hence inferred 
that seepage does not exist. It may be noted, however, that the fact that a 
specimen does not lose weight does not necessarily mean that water is not being 
squeezed from the gel. Concrete contains many very small voids which had 
been originally occupied by water; as hydration proceeds this water is ad- 
sorbed by the gel; indeed, Davis** measured a negative pore pressure of 
12 psi in unrestrained sealed specimens. Under the action of a sustained load, 
a portion of the adsorbed water can now be forced from the gel to fill the 
pores in the form of free water; this will relieve the negative pore pressure, 
and the creep will take place without a loss of weight of the specimen. This 
argument would account for the creep of concrete in the center of a large 
mass, such as the interior of a dam, where no moisture movement from the 
concrete can take place. 


ELASTIC AFTER-EFFECT THEORIES 


Not so much a different creep theory as an outright denial of the existence 
of creep was expressed by Maney.** By considering distortions due to differ- 


ential conditions and the fact that creep is usually measured by surface 
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extensometers, he averred that the true creep is not appreciable at working 
loads, the effect of loading being simply an elastic ehange due to the change 
in nonuniform shrinkage. This does not explain, however, the creep in water 
or the creep measured with embedded strain gages. Moreover, the theory 
is based on the rather arbitrary assumption that the axial time yield of loaded 
specimens is roughly twice that of unloaded specimens when measured on 
the surface, and the author feels that this ratio cannot be independent of the 
magnitude of the stress applied. Maney assumes also that for a column 
under a sustained load the shrinkage at the center is zero and it increases 
radially according to a parabolic law. It seems that these assumptions can- 
not hold good in all cases. 

It may be noted that it appears from experimental results that not only 
the loss of weight but also the rate of loss of weight is a factor in shrinkage.*® 
And shrinkage cannot take place without the accompanying stress in any 
but the ideal case of a specimen of infinitely small dimensions with an ex- 
tremely low rate of loss of moisture. If shrinkage dominates the sustained 
loading picture to the extent Maney,** and Maney and Lagaard*’ imply, 
then it appears there is an end point to the creep which is short of the ulti- 
mate collapse; the deformation may be expected to cease when the concrete 
attains hygral equilibrium with the surrounding atmosphere. These con- 
ditions would correspond to the limiting value which creep is known to 
approach asymptotically.** 

Pickett***° explains the fact that creep depends on the rate of drying of 
the specimen as a natural consequence of nonuniform shrinkage and non- 
linear stress-strain relationship. In his opinion, drying of concrete does not 
result in a direct increase in the creep values as such, but it causes nonuniform 
volume changes which produce transient stresses. These, combined with 
the stresses due to external loading, give rise to a distribution and magnitude 
of stresses far different from those in a nonshrinking companion specimen. 
It may be noted that shrinkage cannot account for additional creep unless a 
nonlinear stress-strain relationship is assumed. From this it follows that a 
superposition of stresses does not produce a superposition of strains, and 
vice versa. 

It may be noted that regardless of the stress-strain relationship, the 
properties of a material such as concrete might not remain unchanged during 
drying. A change in the moisture content, affecting hydration, strength, 
viscosity, or some other property, could so change the physical constants 
involved that additional creep would occur in a drying specimen. According 
to Lea and Lee** creep should be measured only in specimens which have 
reached equilibrium with the surrounding medium prior to the application 
of the load. 


DISCUSSION OF CREEP THEORIES 


A brief summary of conclusions from the various theories will now be given. 
The fact that creep varies with the type of the aggregate indicates that the 





CREEP IN CONCRETE 55 


creep of concrete under sustained stress cannot be ascribed to a single cause 
but to a combination of causes. It is, at the present stage, impossible to 
tell definitely what proportion of creep is due to each of the influencing 
factors. Moreover, it is probable that these proportions depend on the con- 
ditions to which the concrete is subjected. 

The fact that creep occurs even when moisture movement from the con- 
crete to the surrounding medium is prevented, indicates that seepage cannot 
be held responsible for the major portion of creep. It is true that the possi- 
bility of moisture expulsion from the gel to the capillaries has to be admitted, 
but the creep of concrete in water would tend to indicate to the contrary. 
That there is lateral shrinkage but only small lateral creep would point to 
some dissimilarity between the two phenomena. The behavior of concrete 
subjected to tension, when stored in air and in water, does not conform to 
the seepage theory, .ccording to which a tensile stress applied to concrete 
would reduce the hydrostatic pressure in the capillaries, and for stability, 
moisture would be taken into the gel. This would restore the pressure to 
the required value and, by the elongation of the specimen, relieve the stress. 
Whether or not the actual expansion of the specimen takes place would depend 
on the relative values of the elastic and creep strains, and shrinkage. In 
any case, the taking in of moisture by the specimen would be facilitated by 
a higher relative humidity of the atmosphere. This is contradicted by ex- 
perimental results which show tensile creep in water to be some ten times 
smaller than the creep of a similar specimen in air.*! 

That some seepage takes place, however, has been established beyond 
any doubt. The author is of the opinion that seepage is responsible for the 
higher creep of drying concrete as compared with wet or dry concrete; external 
load promotes a greater expulsion of water as compared with an unloaded 
shrinking specimen. Tensile tests on drying concrete would be revealing as 
to the nature of the nonelastic deformation. 


There is no evidence of slipping along planes in the lattice structure of the 
crystalline products of hydration of cement, but this does not constitute 
proof that no crystalline flow takes place. In fact, there is evidence, already 
mentioned, that a portion of the creep is due to crystalline or viscous flow. 
The creep of rocks, which takes place in nature, will also occur in the aggre- 
gate, and this would account for the considerable differences in the creep of 
concretes made with different aggregates, determined by Davis and Davis,'*:*? 
by Shank,** and by Jensen and Richart.’ 

Also, the viscous flow in the gel itself cannot be excluded since colloids 


such as glue and colloidal clay are known to be subject to viscous flow under 
pressure.'® That some viscous flow takes place in concrete seems to follow 


from the magnitude of the lateral creep accompanying the axial creep. 


The author believes that viscous flow with a gradual transfer of load to the 
aggregate is responsible for a large portion of creep. Thus the stress on the 
cement portion of the structure decreases; and the influence of the type of 





56 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE September 1955 


aggregate on creep can be explained in the following manner, compatible 
with all the experimental data available. 

The modulus of elasticity of concrete normally quoted is, par excellence, 
a resultant modulus of a heterogeneous body subjected to an external load. 
This load produces internal stresses, and the strains caused by these internal 
stresses in the different component parts of the heterogeneous body will 
depend on the moduli of elasticity of the component parts. 

In the classical example of different metals welded together and subjected 
to a temperature change or to external loading, the problem is simple, as the 
strains of each component part are equal and the load must be distributed 
accordingly. But in concrete the problem is more complicated in that there 
are no separate continuous columns of the aggregate and of the cementitious 
material. Nor is the distribution of the two materials such that the ratio 
of the quantities of the aggregate and the cementitious material can be as- 
sumed constant on any transverse section or in any elemental longitudinal 
column. Two conditions then have to be fulfilled: the compatibility of 
strains in any column, and the equilibrium condition of stress, e.g., in the 
‘ase of axial loading, the total load on any transverse section is to be equal 
to the external axial load. 

Since the modulus of elasticity of the aggregate is higher than that of 
the cement paste, it is reasonable to expect that the stress in the aggregate 
is higher and the stress in the cement paste lower than the average applied 
stress. This would explain creep of the aggregate, although the same aggre- 
gate does not exhibit any creep under stresses equal to the average concrete 
stress. Thus, besides the elastic deformation of the aggregate, a nonelastic 
(creep) deformation will take place, and this will increase the portion of the 
load borne by the cement paste. The increased stress on the cementitious 
material will result in its increased creep, but eventually that stress will be 
thrown back on the aggregate. This seems, then, to explain at least partly, 
the considerable differences in the magnitude of creep of concretes made 
with different aggregates. In particular, the increased creep of the cement 
paste owing to the increased stress on it, explains why the difference in the 
magnitude of creep of concretes made with certain two aggregates may be 
greater than the difference between the magnitudes of the creep of the ag- 
gregates themselves when subjected to a stress even considerably higher than 
the average concrete stress. 

In the actual case, the problem will be complicated by factors such as 
Poisson’s ratio and the consequent lateral stresses, which aiso have to fulfill 
the conditions of equilibrium. The experimental data on Porsson’s ratio 
are somewhat conflicting.*:!*:*° 


It may be noted that the creep properties of aggregates may not be directly 
related to their strengths or moduli of elasticity. Also, rupture of bond at 
the aggregate surface is possible under certain conditions when the defor- 
mations of the aggregate and the cement paste are of a widely different 
magnitude (as mentioned earlier) and a high bond stress is introduced. This 
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differential movement could be partly responsible for the different creep in 
concretes made with different aggregates. 

The rate of creep of the aggregate will influence the rate of transfer of load 
from the cement paste to the aggregate. The presence and extent of crystal- 
line products of hydration (as distinct from a finely crystalline gel) will affect 
the picture, as will also the continuous hydration of cement with resultant 
changes in the properties of the concrete. This will account for the manner 
in which plastic recovery depends on the age at loading and the age at the 
release of load. 


SUMMARY AND CONCLUSIONS 


There appears to be no conclusive experimental evidence as to the exact 
mechanism of creep. The fact that creep is a function of many diverse 
factors, notably the type of aggregate and the moisture conditions, would 
indicate that creep is due to more than one cause. 

Viscous flow with a gradual transfer of load to the aggregate is believed 
to be responsible for a large portion of creep. That some seepage takes place 
has been conclusively established; higher creep of drying concrete as com- 
pared with wet or dry concrete is believed to be due to colloidal seepage 
under the action of an external load. This form of creep is essentially the same 
phenomenon as shrinkage: in one case moisture is expelled from the gel by 
drying, in the other by external force; in both, a vapor pressure gradient 
is established, and this produces the moisture movement. 

The author would suggest the following conception of creep, which recon- 
ciles the seepage and the viscous theories. What is normally measured as 
creep consists of “true” creep (viscous in nature, with a gradual transfer of 
load to the aggregate) and increased shrinkage (seepage due to evaporation 
and external force). The magnitude of creep depends on the force applied 
and the properties of concrete, but is independent of factors such as curing 
conditions, humidity, temperature, etc. The variation in these affects shrink- 
age only. This hypothesis would account for the magnitude of creep in 
water, this being the resultant of negative shrinkage (swelling) and_ posi- 
tive creep. The creep of the aggregate itself has been mentioned earlier in 
the paper. Full quantitative tests are necessary for confirmation of this 
hypothesis. 
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Shell Reinforcement Not Parallel to Principal 
Stresses" 


By EMILIO ROSENBLUETHt 


SYNOPSIS 


Current methods of shell design implicitly assume that concrete ean take 
tension. In intermediate steps those methods strive to satisfy strain relation- 
ships. The procedure developed herein consistently assigns no tension to the 
concrete and only takes into account considerations of equilibrium, not strain 
relationships. The procedure requires the addition and subtraction of stress 
tensors, which is greatly simplified through the use of Mohr’s diagram. It is 
applicable only to states of pure axial or “‘membrane’’ stresses. 


INTRODUCTION 


The design of reinforcement in shells is a simple matter when reinforcing 
bars coincide with principal stress trajectories. It reduces then to a problem 
of column design. But, aside from the practical difficulties involved in laying 
the steel along curved trajectories, different conditions of live load and temper- 
ature stresses give rise to different patterns of stress trajectories in the same 
shell. Hence the design of every reinforced conerete shell involves the prob- 
lem of supplying reinforcement that is not parallel to the principal stresses. 

At least two methods are currently applied to the problem of designing 
oblique reinforcement to take axial or ‘‘membrane”’ stresses. The first is 
due to Fliigge.t In it concrete is assumed to be able to take a state of pure 
shear but no tension. The contradiction involved becomes evident when 
considering a section at 45 deg to the direction of shear (Fig. 1). On this 
section there must be simple tension to keep the shear stresses in equilibrium. 
Hence the state of pure shear cannot be assumed for the concrete unless it is 
admitted that concrete can take tensile stresses. 

In Fliigge’s method compressive stresses in the steel are made equal to 
n times the stresses of concrete in accordance with the theory of elastic trans- 
formed sections. However, no effort is made to satisfy geometric relation- 
ships between the tensile strains of steel laid in two or more directions. 

The second method commonly used is the one described in the ASCE 
manual on cylindrical shell design.§ There the steel stress in one direction 
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is fixed arbitrarily and the stresses in other directions are found by satisfying 
strain relationships. The components of stress in the reinforcement, along 
the lines of principal total stress, are next compared with the principal stresses 
to evaluate the adequacy of the reinforcement. The transformed section is 
not used; instead, as with axially loaded columns, both concrete and com- 
pressive steel are assigned working stresses that do not satisfy geometric 
requirements for strain in elastic solids. 

The second method leads to the conclusion that a one-way reinforced shell 
is capable of resisting oblique tensions (Fig. 2). By considering the stress 
on a potential crack parallel to the reinforcement, it is seen that the methods 
contradict the assumption that concrete is incapable of resisting tension. 


ASSUMPTIONS 

The method developed here is based on a set of simplifying assumptions 
that are not strictly valid. These are believed, however, to introduce in 
practically all cases only minor errors, which are always on the safe side. 
1. Absence of tension in concrete 

Under favorable conditions of temperature and humidity it is conceivable 
that the first loading on a shell will be resisted, in part, by tensions in the 
concrete. Yet, a few repetitions of live load or unpredictable volume changes 
can cause a crack to develop along any section that is not constantly under 
compression. 
2. Small displacements 

Stresses taken by changes in geometry are usually negligible, particularly 
when one is unwilling to tolerate large deflections and cracks. 
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3. Only axial stresses in reinforcement 

Thick reinforcing bars can also take bending and shear, but these stresses 
are difficult to evaluate and have no great importance. Under certain con- 
ditions, nevertheless, neglect of doweling effects of reinforcement, which are 
due in part to bar stiffness and partly to changes in geometry, may result 
in uneconomical designs. The participation of reinforcement in this respect 
is similar to doweling effects in beams. Increase in capacity from this cause 
is difficult to evaluate and must rest on test results that are not available for 
shells. For the present, then, it is well to ignore the doweling effect. 


4. Maximum compressive stress in concrete 

The assumption that the maximum principal stress in concrete (compres- 
sions being positive) is equal to its compressive strength is a direct conse- 
quence of assumption 1 and of Mohr’s criterion of failure. Since stresses 
normal to the shell surfaces are negligible, except under concentrated loads, 
the smallest principal stress is always zero, and the maximum is limited by 
the compressive strength of concrete independently of the magnitude of the 
intermediate principal stress. Actually it is advisable to limit the maximum 
stress to some value smaller than the compressive strength (f.’), say 85 per- 
cent, to take due account of size effects and sustained loads. The reduction 
can be included in the factor of safety. Under concentrated loads one may 


make use of Mohr’s envelopes to decide upon permissible compressions. 


5. Only equilibrium, not strain requirements, need be satisfied 

When concrete is cracked, tensile strains in concrete can take any value, 
and continuity between strains in concrete and steel is automatically satisfied. 
With compressive strains the situation is similar since, once the elastic limit 
of steel is exceeded, the reinforcement can deform greatly without change 
in stress, and the concrete can also contribute to attaining a geometrically 
possible state of plastic strain. The same is true between the strains in rein- 
forcement placed along two or more directions. The proposed method is 
akin to current design practice of axially loaded columns, where the materials 
are assigned any stresses not greater than the maximum permissible values, 
independently of strain considerations. The method can thus be regarded 
as an application of limit design principles. 

In accordance with the last assumption, the usual question, What stresses 
are caused in a given shell by a certain loading?, must be reworded thus, 


Is the shell capable of carrying the given load?, and in some simple cases 
it will be possible to answer the more direct question, What reinforcement 
must be provided to resist the given loading? 

In what follows it wil! also be assumed that only membrane, or axial, 
stresses are present. 


NOTATION 


Symbols used in this paper are defined where they first appear. The 
following list includes the principal symbols used. 
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permissible unit compressive stress in concrete, psi 

permissible unit tensile stress in steel, psi 

percentages of reinforcement in directions 1, 2 , dimensionless 

total normal stress (force per unit width of shell) in directions z, y, respec- 
tively, lb per in. 

total shearing stress acting parallel to axis x on a section normal to y, or 
parallel to y on a section normal to z, lb per in. 

total principal stresses (forces per unit width of shell) (s;;; = s, is assumed to 
be zero’, lb per in. 

force in the concrete per unit width of shell; subscripts xz, y, zy, J, and J] 
have the same meanings as with total stresses, lb per in. 

force in the reinforcement per unit width of concrete; subscripts x, y, xy, J, 
and // have the same meanings as in total stresses s, lb per in. 

force in the reinforcement, in directions 1, 2 , per unit width of shell, 
lb per in. 

shell thickness, in. 

orthogonal curvilinear coordinates; z and y are along the shell, and z is normal 
to the shell surface, in. 

angle, radians or degrees 

normal and shearing stress respectively; subscripts have the same meanings 
as in total stresses s, psi 


SUMMATION OF MOHR DIAGRAMS 


Attention will first be devoted to shells reinforced with bars whose only 
curvature is the curvature of the shell; that is, the transverse bars curved 
with the shell and straight longitudinal bars. 

The total force acting on any section is equal to the vector sum of the 
forces corresponding to concrete and reinforcement. Letting the width 
of the section approach zero, one concludes that the stress vectors corre- 
sponding to concrete and reinforcement must be added vectorially. Since 
this is true for every section that passes through a given point, one may 
say that the total stress tensor (stress condition at a point) is equal to the 
sum of concrete and reinforcement stress tensors. 

Because the problem is one of plane stress and in view of the familiarity 
of civil engineers with the Mohr stress diagram, it is expedient to effect the 
tensor summations with the aid of such diagrams. The circles may be used 
either for direct graphical computation of stresses or as sketches to help 
visualize trigonometric relations between stresses. 

Mohr stress diagrams are usually employed to represent compressive and 
shearing stresses, o and +. But, when only membrane stresses act, the 
force per unit width is equal to the thickness times the stress, so the diagrams 
serve also to represent forces s per unit width. Abscissas represent then the 
normal forces s,, s, (compressions positive), and ordinates represent the 
shearing forces s,,. 


A plausible state of stress in the concrete itself corresponds to any circle 
inside the greatest permissible circle. This limiting circle passes through 
points (0,0) and (ft, 0) (Fig. 3), where f. = maximum allowable concrete 
compression, ¢ = thickness, s., = o.7f and 8.7; = o.:;t are principal forces 
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Fig. 3—Possible state of | 
stress in concrete shear 
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per unit width, and the third principal force, 8.777, is negligible except under 
concentrated forces. In the figure, P indicates the pole, that is, the point 
whose coordinates represent the state of stress on a section normal to an 
arbitrarily selected reference orientation. Denoting by 2 the reference 
direction, and by y the perpendicular to it, stresses are as shown in Fig. 3, 
where s.,, and s.,, = shearing forces in concrete per unit width. 

The reinforcement can only take axial tension or compression. Therefore 
the Mohr diagram for reinforcement in any direction is always a circle passing 
through the origin. The maximum allowable diameter of the circle in tension 
is simply the allowable steel stress, f,, times the percentage p of reinforcement 
in the direction considered, times the thickness ¢ (Fig. 4). In compression 
it is convenient to subtract f. from f, and regard this difference as the maximum 
allowable stress. The stress that would be taken by the concrete in the 
space occupied by compressive steel is thus automatically taken into con- 
sideration. The Mohr circle assigned to the steel in a given direction must 
pass through the origin and fall inside either of the two limiting circles shown 
in Fig. 4. Here the letter P again stands for pole, and the steel stresses 
Sex, Sey, and s,,, can be found in the same way as the concrete stresses in Fig. 3. 
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Summarizing, a state of stress is allowable only when 0 S s.7 S 81 fil 


and either — f.pt S sa; S 8. = 0 or O = sur S 81 S (fe — fe) pt. 


Summation of stress tensors can be effected easily by noticing that average 
stresses are additive. Hence, when two or more states of stress are added, 
the center of the resulting Mohr circle has an abscissa equal to the sum of 
the abscissas corresponding to the centers of the component circles. The 
position vector of the pole for the combined state of stress is clearly the 
vectorial sum of the position vectors of the poles for the component states 
of stress because these vectors are precisely the stress vectors for a section 
normal to the reference direction. 

The summation method is of general applicability in shells. To revise 
the shell at a given point, one may proceed as follows. 

1. Assume steel stresses, not greater than f, — f. but not smaller than — f, in each 
direction of reinforcement. 

2. Find 841, 82 , corresponding to directions of reinforcement 1, 2 , and 
equal to pil, pot , times the assumed stresses. 

3. Draw the corresponding Mohr circles through the origin and with diameters 

Ss1, 822 , and locate their poles. 

4. Add these circles, as explained above, to obtain the total steel-stress circle. 
5. Subtract the steel circle from the one that represents total forces per unit width 

of shell. If the difference falls inside the maximum allowable concrete circle, the shell 

will not fail at the point under consideration. If it intersects or falls outside the maxi- 

mum permissible concrete circle, then either the assumed stresses, percentages or 
directions of reinforcement, or the shell thickness, must be modified. 

After some experience with the method it will usually not be necessary 
to consider more than one or two trial stresses in the reinforcement, so only 
steel percentages and shell thickness need be revised. 


From considerations of the graphical construction it is possible to deduce 
useful analytical relations. The abscissa to the center of the total steel- 
stress is clearly 15 = s,, where the summation sign includes all directions of 

" 
reinforcement. For any given direction n of reinforcement, at an angle 
a, from the reference axis x, the coordinates of the pole are P,, (8s, COS? an, 
16s,, sin 2 a,). The state of stress taken by the reinforcement has its pole 
with coordinates 


Sex = Z 8en COS? a, 


6 X Ss, Sin 2 a, 
center of the circle for total state of stress is located at (s; + s,;)/2 
+ s,)/2, and the pole at (s,, sy). Hence, 


= 8 Gens 65 i P = (3) 


Sezy = Sry — Sszy e- (4) 


and the center of the concrete circle has an abscissa equal to one half of 


Scr + Sc1z = 8s + 8y — Z Ben } ; 5 (5) 
n 


By combining Eq. (3)-(5) one can find the diameter of this circle, which 
is equal to s., — sa. From this an equation is established, which, when 





SHELL REINFORCEMENT 


Fig. 5—Example total forces 
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solved simultaneously with Eq. (5), gives the principal stresses s,; and s-,7;. 
If szy 2 O and s,;, S f.t, the assumed steel stresses and the design are satis- 
factory. 

Consider the example shown in Fig. 5, with permissible stresses f, = 
20,000 psi, f. = 500 psi, f = 2 in., p: = pe = 0.01. Then f.pt = 400 lb per 
in., (f, — f-) pt = 390 lb per in., and f.t = 1000 lb per in. 

Assume full compression in reinforcement 1, and full tension in 2. The 
corresponding Mohr circles are as shown in Fig. 6, where centers of circles 
are denoted by C. With a; = 0, az. = 135 deg, Eq. (1) and (2) give P, (390, 
0), Pe (— 200, 200), C, (195,0), and C,(— 200,00). Hence, P, (190, 200), 
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Fig. 6—Mohr circles for example in Fig. 5 
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C,(— 5,0). For the total stresses, P (110,0) and C (500,0). Subtracting, 
P. (1100 — 190,0 — 200) = P,. (910 — 200), and C. (500+ 5,0) = C, 
(505, 0). This gives 
8a + Serr = 2 X 505 = 1010 
Sa — Sry = 2¥ (910 — 505)? + 200? = 903 
from which 
sex = 907 < 1000 lb per in. 
sa = 53 lb in. > 0. 
and at the point in question the shell does not fail. 

Curved reinforcing bars, that is, bars that are “‘draped”’ longitudinally, give 
resultant stresses normal to their axes. These stresses are simple to compute 
from equilibrium considerations and can be treated as loads applied tan- 
gentially to the axial surface of the shell. Accordingly, it is advisable to 
treat curved reinforcement by (a) assuming axial stresses; (b) computing 
the radial resultants; (c) finding total forces per unit length at various points 
of the shell; and (d) proceeding then as with ordinary reinforcement. 


TWO-WAY REINFORCEMENT 


By far the most common type of shell reinforcement consists of bars placed 
along two orthogonal directions. Even though the method described above 
for revising the adequacy of shells is of general applicability, orthogonal 
two-way shell reinforcement admits a much simpler approach. With reference 
to Fig. 7, the method is applied as described below. 

1. Draw the Mohr circle of total forces per unit width. 

2. Locate on the circumference the points that define the states of stress in the 
shell on sections perpendicular to the two directions of reinforcement. 

3. Measure horizontally from these points the assumed forces per unit width taken 
by the reinforcement. This must be done in a direction opposite the one assumed for 
these forces: to the right if tensions; to the left if compressions. 

4. The ends of the horizontal lines thus drawn define the concrete circle. Its center 
is at the point where the line joining the ends of the horizontal lines intersects the 
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Fig. 7—Graphical construction for two-way reinforcement 
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compression axis. If the concrete circle falls completely within the limiting circle, as 


in Fig. 7, the assumed percentages and stresses in the reinforcement are satisfactory. 





























Steps 3 and 4 can be reversed. One begins then by drawing any concrete 


circle inside the limiting circle, but sufficiently large to be intersected by 
horizontal lines drawn from the points defined in step 1. By measuring 
the lengths of the horizontal lines one finds the forces per unit width taken by 
the steel. From here it is simple to compute the percentages of steel that 
are needed to maintain the state of stress assumed for the concrete. 

Care must be taken that the intersections with the concrete circle be located 
symmetrically about the center C,. 

Clearly not every concrete circle that can be drawn in accordance with 
the above restrictions constitutes a convenient solution of the problem. 
Under certain conditions it is feasible to draw in the first trial the circle 
which leads to the most economic design. For instance, if s; and s;; are both 
tensions, the smallest circle passing through the origin gives the smallest 
amounts of reinforcement. If s; and s;; are both compressions greater than 
f4, the smallest possible circle passing through the point (f.t, 0) leads to the 
most economic design (Fig. 8). 

It is not justified to present here general expressions for deducing the 
most economical concrete circles, since it is the economy of the entire shell, 
not of the steel at one point, which should be taken into consideration. Usually 
the spacing of bars is governed by the spacing at other points and by minimum 
allowable percentages of steel. 

Proof of the above method for two-way orthogonal reinforcement rests 
on elementary considerations. Circle A (Fig. 9a) represents the total state 
of stress (forces per unit width of shell), and circle B the state of stress 
taken by the steel alone when the concrete is in the pure-shear state defined 
by circle C. Clearly, A — B = C, so in this case the method is applicable. 
The steel stresses corresponding to this condition are denoted by s;' and so’. 
The maximum shear in the concrete is equal to the total shear in the direc- 
tions of reinforcing bars. 


shear 


Ss1 








Compression 
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Fig. 8—Most economical circles 
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Fig. 9—Proof of method for orthogonal reinforcement 


A first generalization consists in proving that the method also applies to 
a state of pure shear in the concrete when the maximum stress in this 
material exceeds the total shear in the direction of reinforcement. To this 
end, notice (Fig. 9b) that D; + D, = E and C + FE = F. Circle Ds, with 
pole at the origin when the reference direction coincides with steel 1, represents 
an additional tension in concrete, which results in a numerically equal com- 
pression in reinforcement 2. Circle D,, with pole on the compression axis, 
gives rise to an additional tension taken by reinforcement. Both stresses 
are denoted by s” in the figure since they are equal. The additional state 
taken by the concrete is then given by circle E, which corresponds to a pure 
shear, with maximum shear equal to s’’. Combining the foregoing steps 
(Fig. 9a and 9b) it is seen that the method applies when the concrete is allowed 
to take any sufficiently large state of pure shear. Stresses in the reinforce- 
ment are then s;’ — s” and s,’ + 8”. 

Finally it is desired to show the validity of the method when the concrete 
circle is displaced bodily to the compression zone. This is done in Fig. 9c, 
where circle F, which is to be displaced, corresponds to the pure-shear state 
of the concrete. By adding the circle G, which degenerates to a point, one 
gets the new state of stress in the concrete: F + G = H. This operation 
simply transports circle F without changing its radius nor the directions of 
principal stresses. Circle G may be regarded as the addition of two circles 
I, one with pole at G and the other with pole at the origin. Circles J represent 
equal compressions in the directions of reinforcements 1 and 2, which must 
be set in equilibrium by equal tensions in the steel. Denoting these by s’”, 
when the total state of stress is represented by circle A and that in the con- 
crete by circle H, the stresses taken by the steel are the combination of those 
that were found in the three successive steps (Figs. 9a, b, and ec): 


7 
> 


; 
81 = 8; —8 yer. 


— 8", 8 = 8’ + 8" — 8 Clearly, then, the proposed method 
applies whatever state of stress is assumed for the concrete, provided its 
maximum shear is not smaller than the total shear in the directions of 
reinforcement. 

Temperature variations and different arrangements of live load often lead 
to widely different states of stress at a point. The situation can be dealt 
with by first constructing the Mohr circles that correspond to the different 
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patterns of loading and straining, and locating on each circle the points 
associated with the directions of reinforcement. If horizontal lines are then 
drawn through these points, it becomes immediately apparent that some of 
the circles need not be considered at all in design, for they represent con- 
ditions which are clearly more favorable than those of the other circles. If 
one guesses now at the most unfavorable state of stress, selects what seems to 
be the most economical concrete circle for that state, and measures the cor- 
responding steel stresses s; and se, it is a simple matter to verify whether 
other states of stress will not require greater percentages of reinforcement. 
The design can then be based on the greatest percentage of reinforcement 
needed in each direction, according to the analysis, or the analysis refined 
by selection of a new, more economical circle for the least favorable condition 
of loading. 

When the total shear (force per unit width) in the directions of reinforce- 
ment exceeds f.t/2, one may either increase the thickness ¢, change the di- 
rections of reinforcement so as to make them coincide more nearly with the 
directions of principal stresses, or introduce a third direction of reinforcement. 
The third direction may be roughly parallel to either principal stress. For 
example, if sy; < s; < 0 and the orthogonal reinforcement lies at 45-deg 
angles to the principal stresses, the third direction of reinforcement will be 
in tension if parallel to s;;, and in compression when parallel to s,;, thus 
relieving stresses in the concrete. 

Perhaps the most expedient procedure of design consists in assigning a 
trial stress to the third reinforcement, subtracting the corresponding state 
from the total stresses, and treating the difference as was done above with 
orthogonal reinforcement. 

Other arrangements of reinforcement can be dealt with by tensor addition 
as suggested in the general method. 

The methods presented here do not apply when important bending moments 
act on the shell. Still, bending stresses are often negligible, and the present 
methods have a definite field of application. 
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Heavy Steel-Aggregate Concrete’ 
By E. |. FIESENHEISER and B. A. WASILT 


SYNOPSIS 


An experimental study of various mix proportions for heavy concrete is 
described and a proportioning procedure for concrete of given strength and 
density is explained. The primary object of the investigation was to determine 
a procedure for the improved proportioning of mixes using steel punchings 
as coarse aggregate with steel shot of varying size as fine aggregate. First, the 
individual ingredients were investigated, then, the optimum mixture. Various 
heavy concrete mixes were made and strength tested at 7, 14, and 21 days. 

Tests results are interesting in that they indicate a possible conclusion 
that the strength of this concrete is proportional to its density, the water- 
cement ratio being only one of the factors involved in determining the density. 
This suggests the generalization that, in the plastic range, the strength of any 
concrete of given ingredients is proportional to its density. 


INTRODUCTION 


Heavy concrete is defined as concrete of greater than ordinary weight or 
density, made of special materials. Such concrete had previously been used 
mainly for the manufacture of counterweights where substantia! balancing 
weights were needed and which had to be, at the same time, of reasonably 
small bulk. However, during the recent boom in the construction of cyclo- 
trons, heavy concrete came to be a very useful material and of much greater 
importance than before. In the experimental study of nuclear physics the 
new large cyclotrons play a major role. These powerful machines must be 
shielded because the nuclear radiation given off is harmful to working person- 


nel as well as disturbing to other experiments being conducted in the vicinity. 


Concrete, because of the ease with which it can be cast into blocks, walls, 
and other desired shapes is ideal as a shielding material. When space for 
shielding is limited the first thought is to use a material of greater density, 
as this increases the effectiveness of the shield. In fact, the effectiveness of 
a shield against penetration of neutrons is proportional to e (the base of 
natural logarithms) raised to the power of the density. Thus it is realized 
that doubling the density of concrete used as a shield will tremendously 
increase its effectiveness. 
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A few experiments on the job quickly established the fact that concrete 
weighing over 300 lb per cu ft could be manufactured under sufficiently 
rigid control to permit its being specified as a part of a shielding contract. 
Later, the experimental laboratory project here described was carried out 
by the Civil Engineering Department of Illinois Institute of Technology, 
to improve the proportioning of mixes for given strengths and densities.* 


PHYSICAL PROPERTIES OF INGREDIENTS 


The ingredients used in making this heavy concrete are (1) water, (2) 
cement, (3) admixture, (4) steel punchings, and (5) steel-shot. The steel 
punchings and shot are referred to as the inert ingredients because they do 
not contribute to the chemical reaction producing the final hardened concrete 
mass. 

Untreated Chicago water was used without test as it was felt that any 
impurities would not be sufficient to affect hydration. Cement used was 
standard Type I, controlled by ASTM or Federal Specifications. One pound 
of admixture per bag of cement was used, this admixture being of a type 
which produced greater strength and workability due to its air-entraining 
and cement-dispersing effects. 

The steel punchings used as coarse aggregate consisted of a random mix 
of waste material from steel fabricating shops. For the most part, the pieces 
were flat and circular, having a maximum diameter of approximately 1 in. 
and maximum thickness of *¢ in. Intermixed with the flat and circular 
pieces were many oblong and other various shaped flat pieces. 

The steel punchings came to the laboratory wet and heavily rusted. A 
preliminary test indicated that the rust had no effect on the hydration process 
of the cement. Two ‘“‘time-of-setting’” pats were made; one containing a 
generous amount of rust; the other, a control specimen, contained no rust. 
Although the test indicated a lag in setting of the pat having the rust, 
about 3 hr for the final set, both setting times occurred well within the pre- 
scribed ASTM 10-hr limit for final set. 

The steel shot were spherical, ranging from a size that would pass a No. 
100 sieve to a size that would be retained on a No. 4 sieve, and were used as 
the fine aggregate. This material was carefully graded to a fineness modulus 
of approximately 4.0. 

Specific gravities and dry-packed densities of the ingredients were deter- 
mined and are recorded in Table 1. 


OPTIMUM MIXTURE OF INERT INGREDIENTS 


After the determination of the pertinent physical properties of the in- 
gredients, the first step in proportioning the concrete mix was the selection 
of the relative proportions of the inert materials. The term ‘shot factor’ 
was introduced as a measure of the relative proportions of the inert materials. 
It is defined as the ratio of fine aggregate to total aggregate. 


*Under sponsorship of Metalloy, Inc., East Chicago, Ind. 
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TABLE 1—SPECIFIC GRAVITIES AND DENSITY 
OF INGREDIENTS 


Material Specific gravity Dry packed den- 
sity, lb per cu ft 


Water 1.00 
Cement 3.10 
Steel punchings 7.56 
Steel shot 7.46 


In the case of ordinary concrete two alternate methods of selecting the 
above ratio are used. These are (1) optimum workability or (2) optimum 
density. For heavy concrete the criterion used was optimum density inas- 
much as workability is not greatly significant due to the method of placing 
and high density is the major objective. 


Dry packed densities for each material alone having been already deter- 
mined (Table 1), the problem of mixing remained to be solved. Mixing the 
two materials produced densities greater than that of either material used 
alone. Naturally the mixture desired was that of greatest dry packed den- 
sity. This optimum mixture was determined by trial. Using a selected 
shot factor, both shot and punchings were weighed out in small amounts 
(not to exceed 5 lb) in the necessary proportions. 


Alternate layers of shot and punchings were then placed into a container 
of known volume and the material tamped well in successive layers with a 
steel rod. When the container was filled, the top was smoothed over with 
the tamping rod, the container weighed, and the dry packed density deter- 
mined. This operation was repeated for various shot factors as a routine 
procedure. Densities were then plotted against shot factors as shown in 
Fig. 1. The high point of the curve thus obtained, for a factor of 50 percent, 
determines the maximum density for the mixture as 352 lb per cu ft. This 
shot factor of 50 percent was used in all test batch mixes, the shot and the 
punchings being combined in equal amounts by weight. 


DRY PACKED DENSITY (Le./er.?) 


Fig. 1—Relationship of shot 30. 40 60 60 
factor to dry packed density SHOT FACTOR (XJ 
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TABLE 2—MATERIAL PROPORTIONS FOR THEORETICAL MAXIMUM 
CONCRETE DENSITY 


Specific 
Specific weight, Weight per cu ft Volume, 
Material gravity b per cu ft of concrete, lb cu ft 


Shot 7.46 165.5 176.00 0.3781 
Punchings 7.56 471.7 176.00 0.3731 
Cement 3.10 193.4 24.51 0. 1267 
Water 1.00 62.4 7.62 0.1221 


Concrete 384.12 1.0000 


' _ 7.62 X 0.1198 x 94 : 
Water-cement ratio = 2451 = 3.500 gal. per bag of cement. 
24.5 


‘ : 24.51 X 27 " ; 
Cement factor = = 7.04 bags per cu yd of concrete. 


THEORETICAL MAXIMUM CONCRETE DENSITY 


Knowing the maximum dry packed density we can now establish a theo- 
retical upper limit to the density of heavy concrete. By determining the voids 
in the optimum aggregate mixture and by just filling these voids with a 
cement paste, this concrete will be at the upper limit of density. The cement 
paste used should in turn be at its maximum density. The paste density 
is inereased by reducing its water content. However, we shall see later that 
the minimum water-cement ratio that can be used with a plastic mix is 3.5 
gal. per bag of cement. Using this information the theoretical maximum 
density is calculated as shown in Table 2, establishing this upper limit as 
384.1 lb per cu ft for heavy concrete. 


TEST BATCHES 


In the proportioning of the various test batches only the water-cement 
ratio and the cement factor were varied. Since the previously determined 
shot factor of 50 percent produced maximum density of the inert ingredients, 
this factor was held constant. For each batch three standard 6 x 12-in. 
cylinders and one 6 x 6 x 30-in. beam were made and tested. 

In filling the forms, the thoroughly mixed ingredients were placed in layers 
and compacted by vibration. After 48 hr the specimens were removed from 
the forms and sprayed with a membrane curing compound. 

It was observed that a water-cement ratio of 3.5 gal. per bag of cement 
and a cement factor of 7 bags per cu yd was at the maximum limit of 
concrete density. From an examination of the mix it was obvious that a 
drier mix would not produce a plastic or workable concrete mass. For this 
reason the water-cement ratio was limited to 3.5 gal. per bag. Because, at 
this point, the limit of concrete density is also a maximum, the cement factor 
is also limited to 7 bags per cu yd. Any smaller cement factor would leave 
voids in the concrete and any smaller water-cement ratio would not give a 
plastic mix. 
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TEST DATA 


Table 3 contains the test results for density, strength, and modulus of 
elasticity for 13 heavy concrete batches. Fig. 2 to 4 show the relationship 


of compressive and flexural strengths and modulus of elasticity to density. 


TABLE 3—RESULTS OF TESTS ON CYLINDERS AND BEAMS 


Cement Theoreti- 
ca Actual Compressive strength, psi Flexural 
density density strength 
lb per cu lb per psi 
ft cu ft 7 day 14 day 21 day 


* io] 


381 376 2860 
372 376 4310 
353 353 $330 
342 352 3730 
3814 37 5390 5460 
377 377 5270 4490 
370 375 4440 4030 
372 372 4880 6400 
364 370 1690 5760 
357 361 3960 4600 
361 356 1930 4850 
352 353 3980 4190 
342 343 2760 3130 


DH DWOnsII¢ 


*Poor specimen, repeated load three times in determining E and 21-day compressive strengtl Value not 
in following figures. 
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PROPORTIONING OF HEAVY CONCRETE MIXES 


The first of the three factors that must be determined in proportioning 
heavy concrete, namely the shot factor, is fixed by the material used for the 
inert ingredients. For the inert materials used in this investigation a shot 
factor of 50 percent was used to insure maximum density. 

The selection of the water-cement ratio and cement factor depends upon 
the required density and strength. However, as the charts indicate, strength 
depends upon density and for any one strength there is but one density and 
vice versa. 

For any practical design problem one must first investigate to see which 
of the two: minimum required density or minimum required strength, con- 
trols. The density can then be selected. This will be either the minimum 
required density or a density higher than minimum requirements, should 
strength control. Knowing the density wanted, a mix can be proportioned 
to produce this density. There is a choice of either fixing the water-cement 
ratio and determining a cement factor or fixing the cement factor and deter- 
mining the water-cement ratio. It is, however, recommended that in no 
case should the cement factor be less than 7 bags per cu yd, nor should the 
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Fig. 4—Relationship of 9x10° 
modulus of elasticity to 
theoretical density 
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water-cement ratio be less than 3!% gal. per bag. By using a higher water- 
cement ratio we can use a lower cement factor, thus saving in cost of cement. 
However, in so doing it is necessary to use more shot and punchings. Thus 
we see that an economy study is necessary for the best selection of water- 
cement ratio and cement factor. Fig. 5 shows the relationship of cement 
factor, water-cement ratio, and theoretical density for the materials of this 
investigation. 


SAMPLE PROBLEM 


It is desired to obtain a heavy concrete having a minimum 7-day strength 
of 4500 psi and a minimum density of 350 lb per cu ft. Fig. 2 indicates that 
the corresponding density for a 7-day strength of 4500 psi is 365 |b per cu ft. 
Although this density is higher than the minimum requirement it shall be 
used so that the minimum strength requirement is met. 

In examining Fig. 5, it is noted that there are many choices of water-cement 
ratio and cement factor that will give a density of 365 lb per cu ft. Using 
a minimum cement factor of 7 bags per cu yd it is noted that a water-cement 
ratio of 4.9 gal. per bag would produce the desired density. On the other 
hand, should the minimum water-cement ratio of 3.5 gal. per bag be used 


then a cement factor of 8.65 bags per cu yd would produce the desired density. 
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A water-cement ratio of 4 gal. per bag and cement factor of 8 bags per cu yd 
would also yield the desired density. Thus, three combinations of water- 
cement ratio and cement factors have been selected, all of which will satisfy 
the density requirements. The following shows the calculations necessary 
to proportion the ingredients for the three combinations selected. For 
specific gravity and specific weight of materials see Table 2. Calculated 
quantities required are given in Table 4. 


TABLE 4—QUANTITIES OF MATERIALS REQUIRED FOR THREE COMBINA- 
TIONS OF MATERIALS 


W/C = 4.9 gal. per bag W/C = 4.0 gal. per bag W/C = 3.5 gal. per bag 
CF = 7 bags per cu yd CF = 8 bags per cu yd CF 8.65 bags per cu yd 


Material Weicht, Ib Volume, | Weight, Ib Volume, | Weight, Ib Volume, 
rer cu ft cu ft per cu ft cu ft rer cu ft cu ft 
of yield of yield of yield 

Shot 164.8 0.3541 163.4 0.3511 162 3495 
Punchings 164.8 0.3494 163.4 0.3464 162 3448 
Cement 24.4 0.1260 27.9 0.1440 30 1557 
Water 10.6 0.1705 9.9 0.1585 9 1500 


Concrete 364.6 1.0000 | 364.6 1.0000 | 364.6 1.0000 
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For water-cement ratio equal to 4.9 gal. per bag and cement factor equal to 
7 bags per cu yd 
7 X 94 
Weight of cement per cu ft yield = —— - 24.4 Ib 
‘ 1.9 X 24.4 
Weight of water per cu ft yield = = 10.6 lb 
0.1198 x 94 


For water-cement ratio equal to 4 gal. per bag and cement factor equal to 
8 bags per cu yd 
a 8 Xx 94 
Weight of cement per cu ft yield = = 27.9 |b 
4 X 27.9 


Weight of water per cu ft yield = 
0.1198 *& 94 


= Q9 lb 


For water-cement ratio equal to 3.5 gal. per bag and cement factor equal to 
8.65 bags per cu yd 
aie 8.65 & 94 
Weight of cement per cu ft yield —_ = 30.1 lb 


ami 
; , 3.5 X 30.1 
Weight of water per cu ft yield = = 9.4 lb 
‘ 0.1198 & 94 
Knowing the costs per lb of shot, punchings, and cement the total cost 
per cu ft of heavy concrete can be determined for each of the above mixes. 
The most economical mix of the three should then be selected for use. 


CONCLUSIONS 


The test results show that strength increases with: (1) the length of the 
curing period; (2) with decreasing water-cement ratios; (3) with density. 

It is well known that the strength of ordinary concrete will increase with 
an increase in the cement factor. However, the very opposite is true for 
heavy concrete. This suggests the conclusion that the strength of any con- 
crete of given ingredients is proportional to its density, for the decrease in 
water-cement ratio and the decrease of the cement factor both increase the 
density of heavy concrete. However, for ordinary and in particular for light- 
weight concrete, the decrease in water-cement ratio and the increase in the 
cement factor both increase the density. This is true because the specific 
gravity of cement is greater than that of aggregates for ordinary concrete 
but lower than that for steel shot and punchings. 

This conclusion is experimentally verified for compressive strengths in 
Fig. 2 which may be used for proportioning heavy concrete mixes. It should 
be noted that theoretical rather than actual densities are used. 

The largest variation of theoretical as compared to actual densities is less 
than 3 percent. In proportioning a mix the theoretical density can be deter- 
mined before a test batch is made. 


Observations of all fractured specimens indicated a well mixed and in- 


tegrated concrete mass. Except for the mixes close to the maximum density, 
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a steel trowel finish can easily be applied. In short, from all outward appear- 


ances, except for weight, heavy concrete can be favorably compared to 
ordinary concrete. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNnat. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourRNAL pages. 
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Waterstops in Articulated Concrete Construction™ 


By E. A. ALLENT¢ and E. C. HIGGINSON$ 


SYNOPSIS 


The problem of making watertight joints in thin-slab concrete structures 
is treated. 

Rubber waterstops commonly used by the Bureau of Reclamation are 
discussed and illustrated. Properties of the materials, fabrication and instal- 


lation methods, and laboratory tests are described 


INTRODUCTION 


The problem of making watertight joints in concrete structures is as old 
as the art of concrete construction. A great variety of solutions have been 
tried and are still being tried in an effort to find the ideal. The problem 
varies greatly with the type of structure under consideration and is inti- 
mately concerned with the type and extent of movement anticipated in any 
particular joint. 

This presentation treats the subject as it relates to the use of nonmetal 
waterstops in thin wall and thin slab structures designed and constructed 
by the Bureau of Reclamation. Examples of such structures are small 
diversion dams, power plants, pumping plants, and canal structures, typical 
of which are siphons, flumes, drops, and turnouts. Such structures are 
susceptible to greater movements at the joints than the larger concrete dams, 
in which metal waterstops are commonly used, for two reasons. First, the 
thin walls and slabs of these structures are more sensitive to temperature 
changes, and the resulting expansion and contraction produce considerable 
movement at the joints. Second, these smaller structures are not always 
founded on rock, and considerations other than ideal foundation conditions 
ordinarily dictate location. Differential foundation settlement under such 
structures sometimes results in substantial relative movement at the joints. 
The requirement for designing watertight joints in these structures is there- 
fore of paramount importance. 


RUBBER WATERSTOPS 


Beginning with the design and construction of the Imperial Dam on the 
Colorado River and the All-American Canal in southern California in 1935. 
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the Bureau of Reclamation has made increasing use of rubber waterstops 


with a dumbbell-shaped cross section as a joint sealing medium in articulated 
concrete structures. Details of the cross section of the various types of 
rubber waterstops being used by the Bureau of Reclamation are shown in 
Fig. 1. All of these seals utilize the principle of embedding one-half the 
width of a specially shaped strip of rubber in the monolithic concrete on each 
side of the joint so that the rubber spans the joint, forming a water seal. 
Each type has side bulbs of greater dimension than the web thickness which, 
when embedded in the concrete, resist the tendency of the waterstop to be 
pulled out of the concrete when the joint opens. The pressure between the 
side bulbs and the concrete, induced by opening a joint, also increases the 
resistance of water percolating around the waterstop. Hollow-center bulbs 
are incorporated in type A, B, C, D, and G seals to provide a maximum of 
flexibility and to reduce shearing stresses in the seals when deformed trans- 
versely. Type E and F seals are designed with straight, uniform thickness 
webs between side bulbs for sealing straight expansion and contraction joints 
where no shearing movement between adjoining sections of concrete is possible 
or anticipated. Type B, D, and F seals are designed with all bulbs removed 
from one side, leaving a smooth flat surface which, when laid together and 
bolted, facilitate field fabrication of intersecting pieces of waterstop. Pro- 
duction and use of three different widths of waterstop has been found ad- 
vantageous to provide seals appropriate for all applications. 


Thus, the use of rubber waterstops by the Bureau of Reclamation to pro- 
vide water seals at the joints of articulated concrete hydraulic structures 
has resulted in the development of these seven types of rubber waterstops. 
Very extensive use has been made of these rubber waterstops in structures 
on the Central Valley Project, California, and the Columbia Basin Project, 
Washington, and many minor installations on other Bureau of Reclamation 
projects. Other types of seals, both surface and embedded, have been used 
in isolated cases, but have not found the universal application and use that 
these dumbbell-shaped waterstops have experienced. Other governmental 
agencies and private engineering and rubber companies have developed and 
are using other types and shapes of seals which have distinct advantages 
under certain conditions. 


Properties of the material 

The compound used in the manufacture of rubber waterstops has varied 
considerably over the 20 years of its use. The composition of the rubber 
stock has been influenced mainly by world conditions as they affected the 
availability of natural rubber and by the development of synthetic rubbers. 
The material specifications, in the early years of its use, required a natural 
rubber compound. The shortage of natural rubber in the United States 
during World War II and the restrictions placed upon its use by government 
regulations necessitated the use of Buna 8 (GRS) synthetic rubber polymer 
during the national emergency. The ordinary Buna § synthetic rubber of 
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Fig. 1—Types of waterstops being used by the Bureau of Reclamation 
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that period, although far inferior in physical properties to the currently 
produced Buna § synthetic, has performed satisfactorily thus far. The 
demand for synthetic rubber during the shortage of natural rubber spurred 
the industry in advancing production of synthetics and by the end of the 
emergency period, the now well-known “cold-rubber’’ GRS synthetic was 
coming into commercial production. This “cold-rubber’’ synthetic compound 
is showing such excellent results under laboratory tests for physical properties 
that it is now specified as a true alternate to natural rubber. The following 
paragraph is quoted from current Bureau of Reclamation specifications: 
The rubber waterstop shall be fabricated from a high-grade, tread-type compound. 
The basic polymer shall be natural rubber or a co-polymer of butadiene and styrene 
or a blend of both. The compound shall contain not less than 70 percent, by volume, 
of the basic polymer, and the remainder shall consist of reinforcing carbon black, 
zine oxide, accelerators, antioxidants, vulcanizing agents, and plasticizers, but shall 
contain no factice. The material in the finished products shall have the following 
physical characteristics: 
Tensile strength, psi, minimum 3500 
Elongation at break, percent, minimum 500 
Shore durometer 60 to 70 
Specific gravity 1.15 = 0.03 
Absorption of water (2 days at 70 C), by weight, percent, maximum 5 
Compression set (constant deflection) percent of original deflection, maximum 30 
Tensile strength after oxygen bomb aging, percent of tensile strength before 
aging, minimum 80 
All rubber waterstop shall be molded or extruded and cured in such a manner that 
the finished product will have an integral cross section which is dense, homogeneous, 
and free from porosity, splices, junctions, or other imperfections. 


Fabrication and installation 

The rubber waterstops are generally available from commercial suppliers 
in any length desired. Because of handling difficulties, it has been found 
practical to limit the length of 9-in. waterstop ordered in one piece to 100 
linear ft and other sizes to 125 linear ft. In the event placement of water- 
stop in straight lengths appreciably longer than the above recommended 
maximums is required, the waterstop should be procured in several pieces 
and spliced together in the field. These field splices may be cold butt or lap 
or they may be vulcanized in a portable field mold. As stated previously, 
type B, D, and F seals are especially designed with one flat side to facilitate 
making field lap splices. In making cold lap splices, the two ends of water- 
stop to be spliced are overlapped 3 in., with the flat surfaces placed together, 
using rubber cement and uncured gum rubber between the contact surfaces, 
and the splice bolted through the waterstop between flat stainless steel plates. 
These cold lap splices are advantageous where the field splicing has to be 
performed in difficult locations such as on high scaffolds, or if the required 
electric power is not available at the job site to operate a field vulcanizer. 
Cold butt joints have been used but are not particularly satisfactory because 
little tensile strength can be obtained in the joint and the splice will open 
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under moderate tension across the joint and allow leakage. Vulcanized 
field splices are made in field vulcanizing units which are small, portable, 
electrically heated vulcanizers operating on 110-volt a-c. These splices are 
made by beveling the ends of the waterstop to 45 deg or flatter, applying 
rubber cement and gum rubber to the ends, and vulcanizing in the heated 
unit at 290 F. The specifications require that vulcanized splices shall with- 
stand a 180 deg bend about a 2-in. diameter pin without any separation at 
the plane of the vulcanized joint. 

Many field installations of waterstop require placing the seal in joints 
which intersect or join at various angles. A transverse joint in a square box 
siphon, for instance, requires a waterstop seal in the bottom and top slabs 
as well as in both side walls. The waterstop has to be fabricated to form a 
continuous seal around the four corners and the sides. In most instances 
of this kind, it is possible to bend straight-strip waterstop around the corners 
and still maintain sufficient concrete cover over the rubber seal after it is 
embedded. An example of a continuous waterstop in a square box with short- 
radius bends at the corners is illustrated in Fig. 2. Thus a straight piece of 
waterstop can usually be used in a joint of this kind with only the one splice 
necessary to close the ring. If the slab and wall thickness are too thin to 
permit bending the waterstop around the corners, 90-deg molded corners 
are required. Type A and B seals can be bent on a minimum 8-in. radius 
perpendicular to the major axis, and type C through G seals can be bent on 
a minimum 4-in. radius. These criteria are not inviolable but have been 
established to prevent excessive stresses in the rubber under bending and to 
facilitate handling bent waterstop during forming and placing concrete. 

Articulation of large concrete structures generally requires both longi- 
tudinal and transverse joints which intersect at several locations. Water- 
tight ells, crosses, or tees are provided at these joint intersections. Cold 


cemented, field-bolted intersections can be made with the flat-sided types of 


waterstop. Full molded intersections of several different shapes are available 
commercially in type A and E seals. These two types of rubber waterstop 
were the first developed and the more commonly used intersections are made 


Fig. 2—Continuous water- 
stop in a square box with 
short-radius bends 
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by the rubber companies. Vertical ells and tees, and flat ells, tees, and 
crosses are available in type A and E waterstops. All of these molded inter- 
sections are for 90-deg intersections only. Full molded transition pieces to 
change from type A to type E waterstop are also available. These special 
intersection pieces are molded with relatively short legs for subsequent 
splicing to straight waterstop to complete the seal as required. Fig. 3 is a 


view of the work of placing type E rubber waterstop and setting forms for 
lining slabs upstream from a check structure in a canal. A flat cross has been 
spliced into the waterstop already in the forms and a flat tee intersection 
piece can be seen in the foreground. In the event the joints intersect or 
join at any angle other than 90 deg and on a radius too short to bend the 
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waterstop, the intersection of the rubber waterstop has to be hand fabricated. 
These fabrications may be cold spliced made by cementing and bolting in 
the field or may be fabricated and vulcanized in open steam ovens at the 
factory. 

No fixed rules have been established to govern or limit the use of the several 
types of waterstop to particular locations, structures, or applications. In 
general, type A, B, C, D, and G seals, with their hollow center bulbs, will 
provide more flexibility in the joint than type E and F seals. The hollow 
center bulb is incorporated in the seals especially to absorb greater joint 
movements, particularly those normal to the face of the seal which might 
shear a waterstop without a center bulb. Nine-inch waterstop has been 
deformed under laboratory shear test as shown in Fig. 4 to a 5-in. joint 
movement without failure. Preformed joint filler is usually installed in the 
joint on each side of the waterstop to provide space in the joint for the water- 
stop to move into when unusually large differential movements of adjacent 
slabs are anticipated. Type E and F seals are entirely satisfactory where 
straight lateral expansion and contraction is the only movement anticipated. 
Several different factors may dictate the size of waterstop to be used at any 
particular location. The size of the structure, operating hydrostatic head, 
spacing and location of reinforcement steel at the joint, minimum dimension 
of the concrete which will contain the waterstop, the location of the joint 
in the structure, and most important, the type and extent of anticipated 
movement in the joint all may influence the choice of size of watersiop to 
be used. In general, the deeper embedment of the 9-in. widths provides 
greater structural strength in addition to offering increased resistance to 
percolation of water around the seal. The 9-in. width is recommended for 
use in all concrete slabs 8 in. and over in thickness. The 6-in. and 4!-in. 


width seals were designed for use in thinner slabs and relatively lightweight 


structures. 


No special provisions have been found necessary in preparing the concrete 











Fig. 4—Nine-inch water- 
stop being deformed under 
laboratory shear test 
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surrounding the waterstops to assure a watertight seal. A good, workable, 
well-graded mix is required in all concrete and consolidation by vibration at 
7000 rpm minimum will assure good contact between the rubber and the 
concrete around the entire periphery of the seal. No unusual difficulties 
have been reported in installing any of the various types of waterstop. The 
waterstop material is sufficiently stiff to hold itself normal to the joint surface, 
when held between the bulkhead forms as shown in Fig. 3, while concrete 
is being placed. It has been found necessary, in some cases, to block the 
waterstop to prevent lateral movement while placing concrete and to assure 
that approximately one-half the width of the seal is embedded in concrete 
on each side of the joint. Laboratory pull-out tests on type A and B seals 
indicate that loads of 390 and 212 |b per linear in. of seal, respectively, are 
necessary to pull these seals out of their embedment. These loads represent 
deformations of approximately 15 in. 

While very little field experience has been had with rubber waterstop 
under high hydrostatic heads, it is believed that the 9-in. rubber waterstops 
would provide an effective water seal under working pressures up to 150 ft 


head where the clear joint opening will not exceed 14 in. Some special pro- 


visions should be made to brace the waterstop against excessive bulge and 
distortion into the clear joint opening when operating under heads in excess 
of 150 ft. All types of waterstop have performed to complete satisfaction 
under ordinary operating heads up to 50 ft. The occasion has never arisen 
to recover a length of waterstop after it was installed and had performed in 
service. This fact alone indicates the excellent performance of this product; 
however, it has also precluded any opportunity to obtain factual data on 
the rate of aging and deterioration of the waterstop under-field conditions. 
It is, therefore, most difficult to predict the probable useful life of the seals, 
but it is believed that a minimum 60-year useful life can be expected. Field 
inspection of installed waterstops has been limited to visual examination of the 
material, as viewed through open joints in the structures which, of course, does 
not permit reaching any very definite conclusions as to the physical condition 
of the waterstop. In all cases where joint openings have been found of suffi- 
cient width to permit indentation of the waterstop with the end of a steel 
rod, the results have indicated very satisfactory retention of elasticity after 
several years of service. Such examinations cannot, of course, produce any 
definite conclusions as to residual tensile strength, ultimate elongation, ete., 
but are leading to assumptions of upwards of 60 years of useful service from 
such seals. It should be stated here that the anticipated useful life of rubber 
waterstops, as discussed in this paper, is based on the most favorable of ex- 
posure conditions. Embedment in concrete, as these seals are installed, 
provides excellent protection for rubber waterstop. Surface type rubber 
seals or any rubber product installed in such a manner as to be exposed to 
direct sunshine certainly could not be expected to have nearly as long a useful 
life as embedded waterstop protected from the destructive forces of direct 
exposure to air and sunlight. 
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COST 


Recent bid prices indicate the following average costs for furnishing and 


installing rubber waterstop in quantities less than 1000 linear ft: 
Types A and B $3.30 per linear ft and types C thru G $2.80 per linear ft. 


CONCLUSIONS 


The Bureau of Reclamation has developed and has been using flexible 
rubber waterstops to provide watertight seals in the joints of articulated 
concrete structures for the past 20 years. Waterstops are performing in an 
excellent manner and indications are that the seals will continue to serve for 
many more years. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journat. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourRNAL pages. 















Title No. 52-8 


Impulse Testing of Concrete Beams™ 
By F. T. MAVISTt and F. A. RICHARDSt 


SYNOPSIS 


The purpose of this study was to find out whether reinforced concrete 
beams that are identical except for grade of reinforcement behave alike or 
differently under identical impulses; and if they behave differently, how 
much—and why? 

Structural-grade bars, and hard-grade bars that had been rolled with 
identical deformations from a billet of rail steel, were obtained from the 
same manufacturer. Beams were cast in gang molds with structural-grade 
and hard-grade bars alternating in adjacent beams. After the preliminary 
tests, concrete was supplied by truck mixer in large enough quantities so there 
should be no question about uniformity of concrete in any one batch 

A new testing machine was designed and built to apply identical impulses 
to two beams in any given test, and instruments and methods were devised 
to record what happened at any instant during a test. Things that occurred 
simultaneously were recorded photographically at a rate of 64 exposures a 
second; and charts were synchronized to show load-deflection-time data with 
comparable precision. 


MATERIALS 


The beams were 5 in. square and reinforced with one #5 deformed bar 
centered 4 in. from the compression face. Steel area was 1.5 percent of 
concrete area. Beams were cast in gang molds of eight beams each with 
the steel on top. 

Structural grade and hard grade bars had identical deformations. The 
hard grade bars had been rolled from a billet of rail steel. Mill tests and 
physical tests of coupons made as part of these studies are summarized in 
Table 1. 

Standard 6 x 12-in. concrete cylinders were cast along with the beams and 
data for each batch are summarized in Table 2. 


APPARATUS 


To compare the behavior of two beams under identical impulses there is 
evident advantage in testing beams pairwise—not singly—so that the force- 
time relationship is “the same” for the two beams being tested. No system 


*Received by the Institute Oct. 5, 1954. Title No. 52-8 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 27, No. 1, Sept. 1955, Proceedings V. 52. Separate prints are available at 59 cents each 
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Rd., Detroit 19, Mich. 
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TABLE 1—MILL REPORT AND of falling weights, of the type pre- 
PHYSICAL TESTS OF STEEL COUPONS 


Mill report 


viously used in destructive impact 
tests of beams, seemed adequate be- 
Item Structural grade| Hard grade cause force-time or displacement-time 
Yield stress, psi 39,700 75,820 "ale ic s 1 Ss co oO b » ¢ ies » 
pine cain on pen Ri re lationships could not be duplicated 
Elongation, percent 2344 11 from one test to another. It was not 
Carbon, percent 0.24 0.74 ‘ e F 
Manganese, percent 0.47" 0.85 clear from published tests of dynamic 
Phosphorus, percent 0.007 0.014 5 . fic 
Sulfur, percent 0.03 0.031 loading of beams how much of the 
Copper, percent 0 0.06 E j 
Silicon, percent 0 0.18 impulse vector was large force and 


short time of application for one 
beam—or small force and long time 


Coupon tests 
Yield stress, psi 37,800 (+ 
Ultimate stress, psi 60,000 ( + 
Elongation in 
8-in. gage length 
percent 29. 10.1 


.4%)| 75,400 (+0.4%) > . . ~ ' : : 
13) is0'000 (21162, Of application for another; or how 


much of the energy scalar of a falling 
weight was unrecoverable in broom- 
ing, in yielding of steel, in inelastic 
distortion of concrete, in fracture, or otherwise. 

It seemed that many perplexities of comparing behavior of beams could 
be resolved by testing two beams simultaneously in a machine so designed 
that the load on one beam would be the reaction on the other; and so that 
there would be a complete time record of load and displacement that could 
be dissected afterward. Accordingly, a new apparatus was designed and 
built, and correspondingly a new scheme of testing and analyzing data was 
explored. 

As shown in Fig. 1 concrete beams 78 in. long over-all were suspended 
vertically from a framework by links attached to the upper protruding ends 
of the reinforcing bars. The beams were about 5 ft apart and tested on a 
72-in. clear span. They were tied together top and bottom by yokes of steel 
rods and pipes. Between the beams were two flywheels 28 in. in diameter 
which revolved in opposite directions about horizontal axes normal to the 
plane of the two beams. Two roller-cams, made up of three knurled rollers 
2.4, 2.8, and 3.5 in. in diameter spaced at 4.3-in. centers, were triggered to 


TABLE 2—TESTS OF CONCRETE CYLINDERS 


Ultimate stress, Age, Ultimate stress, Age, Ultimate stress, Age 
psi days psi days No. rsi days 


Z 


4350 28 
4210 28 
5350 35 
6070 35 ‘ 4770 
3930 85 3-% 4920 
3890 85 3-% 4427 
5750 1 ‘ 3680 
5160 1 3-! 4700 
6400 1 3-6 5200 
85 
3 
3 
2 


1+ Aho 


3700 
4040 
4810 
5330 
3460 
4800 
4510 
4080 
2580* 
4430 
4210 
4690 


5180 5130 
4750 3-4 4880 
4890 8 é 4950 
5100 28 : 4830 
5140 85 3-1: 4760 


ror rere aS 


5430 ‘ : 4650 


CIC me & Whole = 


So 
Zz 


bo DO DO HO LO NO SO PO PO OPO DO PO Pt tS 
aon 


l 
l 
l 
1 
i 
1 
l 
1 
1 
1 
l 
1 


Mean 4370 5040 + 560 4740 + 240 


*Cylinder defective. 
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Fig. 1—Impulse load test- 
ing machine 


drop simultaneously, one into each crotch between beam and adjacent fly- 
wheel. To make the testing machine work such things were needed as 
spreaders between beams (to maintain proper minimum gaps between beams 
and flywheels), bearing blocks, recoil buffers, fragmentation shields, hinges, 
drive mechanism, and triggers. 

The apparatus was designed to make time records during the loading inter- 
val (about 0.1 sec.) of (a) deflection of each beam; (b) load on each beam, 
and point of application of load if the roller-cams did not pass through together ; 
(c) displacement (side lurch) of each beam; and (d) speed of flywheels just 
before and just after the impulse of loading. 

Deflection of each beam was traced on lampblack-coated paper on a drum 
that was rotated by a motor. Load on each beam was derived from oscillo- 
graph records of strains in tie-yokes measured by SR-4 gages. The points of 
simultaneous loading on the two beams, and the displacement or side-lurch 
of each beam, were recorded on 16-mm motion picture film, exposed generally 
at 64 frames a second. Speed of flywheels was indicated by a tachometer 
and further detailed on the motion picture record. 


TESTS 


Procedure during a dynamic pairwise test of two beams was straight- 
forward. After checking every detail—beams, supports, suspensions, yokes, 
loading paths, recording drums, oscillograph circuits, trigger mechanism (to 
drop roller-cams together), lighting, cameras—the flywheels were brought 
up to speed by their driving motor. Then the operator released the roller- 
cams when every element in the recording system was functioning. Less 


than a half-second later the life-history of two beams through a complete 
cycle of loading and unloading had been recorded; and usually one beam 
was carted away for the autopsy—sometimes both! Beams were photo- 
graphed after the test. 


Fig. 2 shows the load-time record from the oscillograph, and deflection- 
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Fig. 2—Load-time and deflection-time records for test of beam S5A opposite 
beam R3B . 


time records from the smoked drums for the same test. How well these records 
agree will be clearer from the analysis which follows. 

The flywheels were painted in alternate bands of red and yellow so that the 
phase angle of each flywheel could be measured by protractor, frame by frame, 
from the motion picture records. Fig. 3 shows a plot of phase angles in a 
20-frame interval (0.31 sec) indicating that the flywheel speed was 167 rpm 
just before loading of beams and 110 rpm just afterward. 

The elevation of the top (No. 3) roller of each roller-cam was measured 
in inches above the axes of the flywheels from the original motion pictures 
and plotted as a solid line in the upper half of Fig. 3. The elevations of 
rollers 1 and 2 above flywheel axes are shown as dotted lines in the upper 
figure during the interval each of these rollers was in contact with beam and 
flywheel. The two curves for roller 3 indicate that in this test one of these 
rollers slipped as it made contact with beam and flywheel and lagged the 
opposite roller 3 about 1 in. 

Knowing the diameter of flywheels, diameter of cam-roller in contact 
with each flywheel and beam, and elevation of cam-roller above each fly- 
wheel axis, the horizontal distance between. load-points on the two beams 
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Fig. 3—Analysis of representative motion picture record. Test of beam S5A 
opposite beam R3B 
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can be computed. What is more significant, however, is that knowing the 
total initial gap between both beams and flywheels (3.8 in. in this test) the 
sum of deflections of the two beams can be computed. This sum is com- 
pared with the sum of the measured deflections in the lower curves of Fig. 3. 
The routine of these repeated computations was mechanized by a nomo- 
graphic chart that related position and diameter of cam-roller and the initial 
gap. 

The agreement between “observed” and ‘‘computed” sum of deflections of 
R3B and S5A in Fig. 3 is not unexpected. The differences in ordinates at 
frames 17 and 18 may deserve further study, but the changes in curvature 
are consistent enough to be encouraging. The departure between observed 
and computed curves beyond frame 27 merely relates graphically the fact 
that beam S5A failed and had a permanent set of about 1.5 in. Beam R3B 
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Fig. 4—Static tests of beams S6B, R6B, and R3B. Beams 5 in. square with 
one #5 bar 4 in. from compression face. Load at middle of 72-in. span 


Sequence of tests: (A) S6B and R6B tested pairwise. S6B failed at 2670 Ib. (B) R6B and R3B 
tested pairwise. R3B had previously been loaded dy ically to 3680 Ib. R6B failed at 4850 Ib. (C) 
R3B failed at 6000 Ib in its third test 





had a permanent set of about 0.1 in. The subsequent life-history of beam 
R3B is shown in Fig. 4. 

Beams were tested statically in a conventional testing machine to define 
load-deflection curves for each grade of reinforcement. Fig. 4 shows data 
for tests of one structural-grade beam, S6B, and two hard-grade beams, 
R6B and R3B. In a static pairwise test beam S6B failed at a load of 2670 
lb and R6B remained intact. Beam R3B, which had been tested dynamically 
opposite S5A, was tested statically and pairwise with R6B which had sur- 
vived the static test opposite S6B. Beam R6B failed at a load of 4850 Ib 
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TABLE 3—SUMMARY OF DYNAMIC TESTS 


Maximum Permanent Ratio of Starting 
Beam deflection, set permanent sets gap Seconds to Total cycle, 
No in. in each pair in. maximum load sec 


R5B 0.75 0.12 
S6A 2.88 2.69 


”» 


R5A 68 09 
S3A 3.06 2.48 


R2A 50 05 . 
SIB 67 42 0.048 


Py } 0.080 


R3A 0.076 


0.080 


0.080 


*i-stimated 


while beam R3B remained intact. Finally beam R3B, tested statically by 
itself, failed at a load of 6000 Ib. 


The tests of R3B and S5A which have been detailed above are representative 
| 


of the other tests summarized in this report. A summary of the dynamic 


tests is given in Table 3. 


SUMMARY 
Materials 


Physical properties of steel reinforcing bars used in these tests are given in 


Table 1. 


TABLE 4—SUMMARY OF STATIC TESTS—MIDPOINT LOAD ON 6-FT SPAN 


Beam Maximum Static failure, lb 
No load, Ib 
R > Remarks 


RIA 3260 Intact 
SIA 3060 s060 Failed 


R6B 2870 Intact 
S6B 2670 2670 Failed 


R6B 5050 Failed 
R3B $850 Intact. Previously tested dynamically opposite 
SSA 


R3B 6000 6000 Tested singly to failure 


R5A 3100 Intact 
S5B 2900 2900 Failed 


RSA 3000 Intact 
$12B 2800 2800 Failed 


R7A 3160 Intact 
SISA 2960 2960 Failed 


R7A 5640 Intact 
ROB 5440 5440 Failed 
S11B 


Tested singly to failure 


Previously tested dynamically opposite 


R7A 5900 5900 


Mean 5600 + 350 2880 +110 
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Physical properties of concrete were: 

Ultimate strength of hand-mixed concrete, psi 1370 (=10%) 
(Recognizing as defective one of the 12 cylinders tested) 

Ultimate strength of truck-mixed concrete, psi 4900 (+ 8%) 

Modulus of elasticity (determined from beam tests), psi 3,600,000 

Modulus of elasticity (determined from cylinder tests), psi 3,500,000 (+ 5%) 


Static tests 

The average maximum static loads at the middle of a 72-in. simple span 
(Table 4) were 2880 |b for beams with structural-grade bars, and 5600 |b for 
beams with hard-grade bars. The ratio of ultimate loads is 5600/2880 = 1.95. 
The corresponding ratio of yield stresses is 75,400/37,800 = 1.99. Static 
load-deflection data for the three beams summarized in Fig. 4 and Table 5 
are representative of these experiments. 


Dynamic tests 

Thirteen pairwise tests of beams with structural-grade and hard-grade 
bars are summarized in Fig. 5. No permanent set was measurable unless 
the sum of maximum deflections of two beams tested pairwise was at least 
0.7 in. (see Table 3). Moreover, the permanent set of a beam with 
structural-grade reinforcement was always equal to or greater than the perma- 
nent set of a beam with hard-grade reinforcement of identical size and pattern. 
A hard-grade beam was always more resilient than its structural-grade counter- 
part under identical impulsive loadings; and it was still serviceable after its 
structural-grade counterpart failed. 


Fig. 6 shows the midsections of typical beams after pairwise dynamic 


tests. The beam reinforced with structural-grade steel is spalled and dis- 


integrated while that reinforced with hard-grade steel is intact. 


Apparatus and method 

The testing machine devised for testing beams pairwise under identical 
impulsive loadings has been adequate for loading intervals of about 0.1 sec. 
Motion picture records of dynamic tests provided data that are convenient 
and consistent with mechanical time-deflection records as shown in Fig. 3. 
The apparatus and method are sound, and it is evident that they can be 
further extended to greater loads and shorter loading times. 


TABLE 5—COMPARISON OF MIDSPAN LOAD AT STATIC FAILURE WITH 
YIELD STRESS AND ULTIMATE STRESS OF STEEL COUPONS 


Item Structural grade Hard grade 


Maximum load, lb 2,880 (+ 0.4%) 5,600 (+ 6%) 
Yield — psi 37,800 (+ 2.4%) 75,400 ( +0.4%) 
Yield stress 
(satin load 
Ultimate stress, psi 60,000 (+ 1.4%) 130,600 (+ 1.1%) 
I 


Ultimate oe) , relative psi per lb 21( + 5%) 23 (= 7%) 


, relative psi per lb 13.1 (+ 6%) 13.4 (+ 7%) 


5 c c 
Maximum load 





IMPULSE TESTING OF CONCRETE BEAMS 
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Fig. 5—Permanent deflection (set) of hard-grade and structural-grade beams 
in terms of sum of maximum deflections of each pair of beams tested 


CONCLUSIONS 


1. In heavy destructive pairwise tests of structural-grade opposite hard- 
grade beams, the structural-grade beams failed first and the initial failure 
was yielding of steel followed by the secondary failure of cracking of concrete. 

2. The damage to the structural-grade beam was always greater than the 
damage to the hard-grade beam under identical loads. 

3. Pairwise dynamic tests of hard-grade beams opposite structural-grade 
beams under identical loadings showed that all beams reinforced with hard- 
grade steel were capable of supporting loads after the structural-grade beams 
had failed. 

4. For identical destructive loadings, the permanent set of a beam with 
structural-grade reinforcement was always greater than the permanent set 
of its counterpart with hard-grade reinforcement of identical size and pattern. 
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Fig. 6—Dynamic test of beam S3A opposite beam R5A 


5. The average permanent set of all of the beams with structural-grade 


reinforcement was 13 times the average permanent set of the beams with 
hard-grade reinforcement. 


6. The ultimate breaking loads of all beams tested under both static and 
dynamic loads was directly proportional to the yield point strength of the 
steel. 
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of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Two months cut from schedule with 
precast bridge decks 


Contractors and Engineers, V. 52, No. 6, 
pp. 26-30 


June 1955, 


Precasting proved economical on seven 
Nebraska highway bridges. 
principally through standardiza- 


tion of spans, road width, cross section, and 


Economy was 


achieved 
skews. The contractor was able to stand- 
ardize forms and production procedures and 
the precasting method made it possible to 
finish months 
Construction details and methods 
are described and well illustrated. 


construction two ahead of 


schedule. 


Load distribution in prestressed con- 
crete bridge systems 
P. B. Morice and G. Lirrie, The Structural Engineer 
London 32, No. 3, Mar. 1954, pp. 83-111; Dis 
cussions: V. 33, No. 1, Jan. 1955, pp. 21-34 
Reviewed by C. P. Sress 
Analytical bridge 


treatment of system 


consisting of longitudinal girders and trans- 
verse diaphragms subjected to concentrated 
loads. Solutions obtained by Guyon’s meth- 
od, considering no torsional stiffness, and by 
Massonet’s, considering torsion, are pre- 
sented graphically and in tables for a con- 
values 


siderable range of Results of 


reported for three simple-span structures and 


tests 


one two-span continuous structure consisting 


ol four prestressed concrete longitudinal 
beams and three equally spaced prestressed 
concrete transverse diaphragms in each span 
and 


theory and examples of calculations are given 


Comparisons are made between tests 


Extensive discussion and authors’ closure 


concerned primarily with transverse bending 
moments. 


A part of copyrighted JourRNAL or THE AMERICAN Concrete INnstiTuTe, \ 
5 Detroit 19, Mich. 
If it is followed by a foreign title t} 
In those cases where the foreign title cannot conveniently be set in type 
riginal article is indicated in parenthesis following the English title 


V. 52. Address 18263 W. MecNichols Rd 
the book or article reviewed is in English 


available through ACI. 


Available addresses of publishers are listed in the June ‘( 
In most cases ACI can furnish addresses of publications added later 


Spillway serves as casting bed for 
bridge members at dam 


RaLtepH Monson, Contractors and Engineers 
No. 5, May 1955, pp. 24-29 


While 1536 


ft is only a minor part of the spillway con- 


the 32-span bridge totaling 
tract, the work involved in precasting and 
prestressing Operations makes it one of the 
more unusual aspects of the job at Garrison 
Dam in North Dakota. 


load of 200,000 lb, each span is supported on 


Designed for a live 
a pair of prestressed concrete girders, 47 ft 
The deck consists of 
4 ft wide and 2 ft thick, with a span 
of 28 ft 6 in. 


long and 6 ft high. deck 


beams 


These beams lie across the 


girders in a transverse direction and are held 


in place by dowels. Construction details and 


methods are described quite completely. 


Although little design data is furnished, the 


Freyssinet prestressing system was employed 


Prestressed concrete slab bridges with 
stiffened edges 


ANDREW GALLia, Cor te anc mestru mal En 


London), V. 50, No. 3 r. 1955, pp. 117 127 


ne ng = 


Describes analysis and design methods 


employed lor bridges composed ol pre 


stressed precast slabs, placed side by side, 


with provision for lateral prestressing. Side- 


walks are used ns edge beams and are 


lithic 


mono- 
with the topping which 
After lateral 


beams act 


Serves as a 


wearing course prestressing 


the slab and edge together as a 
slab with 


stitute 


stiffened edge members and con- 


the complete load carrying super- 


structure of the bridge. This type of bridge 


is especially suitable for spans up to 5O ft 


where the ratio of width to span is equ il to on 


greater than 6/10 


27, No. 1, Sept. 1955, Proceedings 
Where the English title only is given in a review 
e work reviewed is in that language 
or is not available, the language of the 
Copies of articles or books reviewed are not 
irrent Reviews" each year 
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Construction 


Prefab building construction in Trond- 
heim 

K. Heuian and Jan Reymert, Prefabrication 
don), V. 2, No. 14, Dec. 1954, pp. 60-66 


(Lon- 


Three-story apartment buildings in Trond- 


heim, Norway, utilized a combination of 
heavy prefabricated wall sections in con- 


An 


unusual feature was the use of load bearing 


junction with cast-in-place floor slabs. 


partitions throughout, eliminating the nec- 
essity for a separate frame. Partitions and 
outer walls were of similar construction. In- 
sulation for outer walls was provided on the 
which then sheathed with 


exterior was 


asbestos cement siding. 


Buildings at Renfrew airport 


Concrete 


V. 49, No 


Engineering London 


1954, pp. 377-387 


and Constructional 
12, Dee 

The unusual and imaginative architectural 
treatment of the new buildings, including pas- 
senger terminal, operations building, and con- 
trol tower, all of which have reinforced con- 
crete frames, is well illustrated. The analysis 
of the completely unsymmetrical rigid frames 
involved (which at first glance seem to be 
formed entirely of curved lines) was assisted 
Results of the 
structural analysis including frame dimen- 


by constructing a model. 
sions, experimental readings of the model, 
calculated influence lines, and design mo- 
Briefly, the build- 
ing treatment consists of exposed, gracefully 


ment diagrams are given. 


curved, rigid frames with precast concrete 
roofs and large glass areas in the walls. A 
completely 


exposed arch is 


featured at the main entrance to support a 


two-hinged 


suspended cantilever canopy. 


Construction of the port of Shimizu coal 
handling pier (in Japanese) 
G. Seo and Y. Yosumura, Proceedings, Japan So- 


ciety of Civil Engineers, V. 39, No. 11, Nov. 1954, pp. 
10-17 


AUTHORS’ SUMMARY 
Structural design and construction methods 
for the port of Shimizu coal handling pier is 
described. The especially 
adapted to three conditions: (1) foundation 
condition is soft clay; (2) large earthquake 
loads are anticipated; and (3) provision is 


pier has been 


made for heavy berthing impact. 
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Office building of 370,000 sq ft erected 
by lift-slab method 


Joun P. H. Perry, Civil Engineering, V. 25, 
June 1955, pp. 43-47 


No. | 


The Ford Motor Co. office building at its 
River Plant, Mich., is 
three stories high with a total floor area of 
approximately 370,000 sq ft. 
architectural, 


Rouge Dearborn, 
The paper dis- 
cusses structural, and 
struction problems peculiar to the lift-slab 
method. It is noted that the design of lift- 


slab floors in this country generally follows 


con- 


the ACI Building Code recommendations for 
flat-slab 
The 
illustrated and provides a good background 


analysis and design of reinforced 


concrete construction. article is well 
explanation for those interested in planning 
lift-slab work. 
exercised to make the statements factual and 
The 
obvious saving in carpenter work is noted 
the of 
structural instead 


Considerable care has been 
precise, particularly as to cost figures. 


and additional expense providing 
rein- 
A total cost 


for forming and lifting is given as $0.48 per 


steel columns of 


forced concrete is mentioned. 


sq ft, which includes $0.30 per sq ft for the 
lifting subcontract and $0.075 per sq ft fon 
the special hardware, resulting in a final total 
saving of 5 percent of the building cost as 
compared to conventional cast-in-place con- 
struction. In spite of the obvious over-all 
accuracy, one particular misstatement was in- 
cluded, 7.e., ‘‘that 
takes place as soon as any one slab is clear 
the slab 
provided, of course, for plastic deflections as 
well as the immediate elastic deflection. 


all dead-load settlement 


of below.” Actually camber Was 


Hull Technical 
workshop block 


The British Constructional Engineer 
No. 1, Mar. 1955, pp. 38-39 


College—Erection of 
(London), V. 6 


Description of construction methods em- 
ployed in erecting completely precast shop 
buildings. Precast frames and gutter units 
were first erected and then covered by pre- 
cast roof units, composed of unsymmetrical, 
pre-tensioned, precast — shells, 
thick, 16 x 24 ft 
The unsymmetrical shape permits introduc- 
tion of north light sky lights. The 
cast-in-place concrete in the superstructure 


prestressed, 
2% in. measuring some 


only 


is the grout between adjacent roof units over 


the frame ribs. 





CURRENT 


Guiding rules for the inspection of 
construction in plain and reinforced 
concrete (Leitsaetze fuer Bauuveber- 
wachung im Beton- und Stahlbetonbau) 


Deutscher Betonverein E. \ 
9th Edition, 1954, 122 pp 
Reviewed by Aron L. Mirsky 


Watrer NAKONZ 
Wiesbaden, Germany 


\{ manual for the man on the job, covering 
aggregates, 
vibrating, 


cement, reinforcement; mixing, 


placing, and testing concrete; 


bending and placing reinforcement; formwork 
and scaffolding; and similar matters. Perti- 
German = standards noted and 


nent are 


quoted 


Foundations, underpinning and struc- 
tural problems at the Daily News 
Building in the City of London 


Freperick W. SLarrer and 
Structural Engineer (London), V 
pp 7 


ArtuurR Brown, The 
32, No. 10, Oct. 1954 
264-273 


Reviewed by C. P 


SIESS 


The building is of steel frame construction 


with solid reinforced concrete floors. Of 


particular interest is the reinforced concrete 
foundation and retaining walls for the deep 
The 


poling boards 


basement use of precast concrete 
as lining for excavation and 
subsequent outside formwork is also men- 


tioned. 


The CBRI shell house 


K. Bituie, Indian Concrete 
' June 1954 pp. 201 


The CBRI (Central 
Institute of India) shell house is a one-story 


Journal 


Bombay), V. 28 


o. 6 


Building Research 


ribless parabolic arch roof. Stiffness is pro- 
The 
parabolic shape allows the structure to be 
built 


vided by corrugations of the thin shell. 


with no reinforcement whatsoever 
The steep slope requires no roofing nor ex- 
ternal These 
been built with single shells and with double 
The 


principal construction feature which enables 


waterproofing. houses have 


shells containing an air space between. 


this design to be produced cheaply is the use 
of light steel pipe ribs with burlap stretched 
between, sagging to form the corrugation, as 
formwork. The 


timber bracing are completely recoverable 


pipe ribs and incidental 


The burlap which is ‘‘mineralized’’ by ab- 


sorption of portland cement grout, remains 
Shell thickness 
employed is 1'% in. for independent shells or 


in place as the interior finish. 


for the inner shell of the core wall construc- 
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tion. The outer shell for the core wall type 
thick 
by 


is | in Ordinary mortar is employed, 


applied ordinary stucco methods (ap- 


parently in Indian practice  shotcreting 


equipment is unavailable or shotcrete meth- 


ods are not economical References are 


provided to supply complete information on 
the subject 


Bus garage in London 
Concrete l 


( and Constructional Enginee 
50, No. 1 


Jan. 1955, pp. 21-27 
The unusual feature of this 


garage 1s its 


roof which consists essentially of reinforced 


concrete hollow box girders, supported on 


main transverse members, including bow 


string truss girders, with spans up to 132 ft 
The bowstring trusses are exposed above the 
roof which consists of skylights between the 
wide box girders. Design and construction 


details are described 


Large public works of Morocco (in 
French) 


Travaux (Paris), No 
W. Jacksos 


The entire issue of about 250 pages com- 
prises about 25 articles reviewing engineering 


Morocco Many 


structures and projects are described, includ- 


projects in magnificent 


ing railroads, highways, sea ports, airports, 
water and sewage developments, manufac- 
ture (including cement manufacture), 


This 


neering development of a 


city 


planning, and others review of engi- 
dynamic and ex- 
panding country 1s excellent, and would be of 
special interest to anyone in the United States 


working on Moroccan projects 


The Casablanca Honor Stadium (Le 
Stade d’Honneur de Casablanca) 


A. DANGLETERRE and H. Lossier 
Technique du Batiment et des 7 
No. 82, Oct. 1954 

Reviewed by Puituip I 


Annales de l'Institu 
avauxr Publics (Paris 


MELVILL! 


A detailed description of the design and 
the Casablanca, Morroco, 
30,000) persons It is en- 
reinforced concrete 


construction ol 


stadium to seat 


tirely in The roof is a 
counterweighted cantilever 111 ft long in five 
sections, each supported by four columns with 
the outside columns in tension. The roof, ex- 
cept for the beams (trusses), was built on a 


sliding form 
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Dams 


Drying and aging of concrete in dams 
(in German) 

Marius Besson, Schweizerische Bauzeitung (Zurich), 
V. 72, No. 26, 1954, pp. 371-375 

Ceramic ApsTRACTs 

*b. 1955 (Hartenheim) 

To determine the manner in which setting 

and drying takes place in large masses of 

concrete, e.g., dams, special measuring instru- 

ments, “telehumeters,’’ were designed and 

The 


instrument is formed of a hygrometric mass 


built into a dam at numerous places. 


similar in composition to mortar and contains 
two iron electrodes; one is a simple rod and 
the other has a perforated cylinder around it. 
The electrical resistance is a function of the 
humidity. The instrument 
show 100 percent humidity for a concrete 
block immersed fully in water and 0 percent 
humidity for a perfectly dry block. The re- 
sults show that drying takes place by chemi- 


is calibrated to 


cal reaction from the inside toward the out- 


side, whereby the free water disappears, 
probably in the form of water of crystalliza- 
tion. 
This change if 


agents are added to the concrete to accelerate 


Any possible evaporation is negligible. 


chemical action does not 


or delay the drying process; this action was 
still evident after 6 years. Curves show the 
penetration of the water and the drying from 
the time the water started to rise at the out- 
side up to several years. Aging of the con- 
crete, i.e., the modification of the structure 
by erystal formation, is particularly closely 
connected with change in electrical resistance. 
Dry concrete does not age, but 100 percent 
A more 
general study is still necessary, as many other 


humid concrete ages most rapidly. 


factors influence the aging process. 


Economy and safety of different types 
of concrete dams 


Aveust E. 
Separate No. 684 


KOMENDANT, Proceedings, ASCE, V. 81, 


May 1955, 22 pp., $0.50 

Of various types of dams, the gravity dam, 
the arch gravity dam, the arch dam, and the 
buttress dam combined with multiple arches, 
In the 
United States, for deep and narrow valleys, 


slabs, or domes, are current practice. 


gravity dams or arch gravity dams are used, 
and for relatively flat earth-filled 
dams or gravity dams are the standard. 
In other countries, especially in Europe, for 


valleys 


September 1955 


valleys arch dams are utilized and 
for flat valleys buttress dams are preferred 
In most recent designs the application of pre- 
stressing is favored for buttresses. For 
typical conditions the economy of the design 
is controlled mainly by the following factors 
quantities of material and labor required for 
construction, 


narrow 


their price and relationship, 
time necessary for erection of the dam, and 
These 
cussed for the various types of dams consid- 
ering the variation in relationship of prices 
in United States and European practice. 


maintenance costs. factors are dis- 


Spillway crews utilize efficient pour 
methods 

Ray Day, Contractors and Engineers, V. 52, No. 4 
Apr. 1955, pp. 28-32 


Concreting methods employed on the 
Dalles Dam spillway in Oregon. 
traditional 


plete detailing of the forms in advance, and 


Two inno- 
vations in methods were: com- 
progressive in-line method of concrete place- 
ment in place of alternate monolithic con- 
Placing schedules of 2000 cu yd 
per day were maintained on this job, which 
included approximately 330,000 cu yd_ of 


concrete. 


struction. 


Design 


Building code requirements for plain 
and reinforced concrete structures with 
technical directions (in Finnish and 
Swedish) 


Finnish Government Code issued by Finnish Concrete 
Assn., Helsinki, May 1954 
Reviewed by Beato Ke.Lopvt 


This new edition of the code of recom- 
mended practice divides the contents in two 
parts: (1) principal facts which are confirmed 
by the government from the code and (2 
technical directions issued by the Ministry of 
Works. 

Code 


Finnish 


and directions were compiled by 


Concrete Assn.’s Code Committee 
Subjects covered are about the same as in 
ACI 318-51 with the addition of paragraphs 
covering quality and testing of materials. 
Some special features are: (1) Code may be 
used for factory precast members and pre- 
(2) Con- 
crete is classified according to grade of design 


stressed concrete when applicable. 


and supervision of work in three quality 
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classes (A, B, and C), which are divided in 
strength classes defined by the 28-day cube 
strength. (3) Characteristic for A-type con- 
crete is that the design and supervision have 
to be carried out by an engineer having a 
special charter for that purpose. Batching is 
Before concreting obligatory pre- 
liminary testing must show that sufficient 
(4) B- 
type concrete has to be supervised by a 


by weight. 
concrete strength can be obtained. 


person with a specified amount of knowledge 
of concrete construction work. Batching is 
by volume. (5) C-type concrete is all other 
concrete which satisfies the requirements. 
The new code and its directions serves the 
purpose of making design and construction of 
concrete structures more practical. It is 
made to meet the demand of better economy 
for concrete while 


following engineering 


principles in developing better structures. 


German code requirements for rein- 
forced concrete (Bestimmungen des 
Deutschen Ausschusses fuer Stahl- 
beton) 


Wilhelm Ernst & Sohn 
12.50 DM 


Berlin, Apr. 1955 


350 pp 


The latest 
struction in Germany. 


official code for concrete con- 
Includes provisions 
applicable to buildings, bridges, plain con- 
crete, reinforced and 


concrete, prestressed 


concrete. An extensive section on precast- 


ACI 


Sections on 


similar to the 
standard on precast floor units. 


ing includes material 


lightweight concrete design, design against 
corrosive influences, and concrete repairs in- 
clude 


material similar to several 


ACI publications. 


separate 
The wide scope of this 
code makes it a most comprehensive refer- 
ence including most ‘‘new’’ 


the field 


developments in 


Study of the ultimate strength and 
practical design of reinforced concrete 
beams (in Japanese) 


H KAGAMI Transactions 
gineers, No. 19 


Japan Society of Civil En 
Apr. 1954, 12 pp 

Author develops formulas for the ultimate 
strength of reinforced concrete beams based 
upon the relation ob- 


actual stress-strain 


tained on compression tests of concrete 


specimens. Formulas for rectangular beams 
are related to experimental data. Practical 
design formulas for rectangular and T-beams 


are developed. 
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Some economic aspects 
story shed design 


R. P. Haines, The Structural Engineer 
No. 5, May 1954, pp. 135-152 
Reviewed by C. P. Siess 


of single- 


London), V. 32 


Comparisons of various framing methods 
and materials for single-story 
Materials 
include 


peaked roof 


bent. compared for frame or 


purlins steel, riveted, boited, or 


welded; aluminum alloy (purlins only 


timber; ordinary reinforced concrete; and 


“Plastic 


considered, but only for steel construction 


prestressed concrete. design’’ is 


Cylindrical reinforced concrete shell 
roofs—Ultimate load theory and tests 
G. Ernst, R. Marverre, and G. Bere, Bulletin 
No. 5, University of Nebraska, Nov. 1954, 28 pp 
Discusses several proposed procedures for 
the computation of the ultimate load on a 
shell The 
results are compared to tests on three model 
test shells; the shell 
mately of 5 ft span by 3% ft chord width 


cylindrical reinforced concrete 


models were approxi- 


The models were tested in a regular testing 
that 
ultimate load design is particularly advan- 


machine to failure It is concluded 


tageous as a preliminary design procedure 
and in many cases will be satisfactory for the 


final design of concrete shell roofs 


Analysis of an arch frame with two 


bays on columns with fixed bases 
\ A. Morean,. Con and Cor Engin 


ng (London), V. 49, No. 12, De 1954, py §65-37 2 
The procedure for analysis by the method 


of moment distribution is carried through 


on a simple example for horizontal and 
vertical loads. It is also extended as a gen- 
eral method for application to unsymmetrical 
frames, frames with columns hinged at the 


bases, and for variable loads 


Bending and axial forces 


R. J. Barrierr, Cor e and Constructiona ngir 
ing (London), V. 50, No. 1, Jan. 1955, pp. 31-35 


Presents a design method for members 
with reinforcement in one or both planes sub- 


Methods 


are also given for analyzing stresses in rein- 


jected to bending and axial forces 


forced concrete columns in which tensile 


stresses are present due to two bending 


moments at right angles to each other in 


addition to an axial load 





108 JOURNAL OF THE AMERICAN 


Proceedings of a symposium on con- 
crete shell roof construction 


Cement and Concrete Assn., London, 1954, 258 pp., 
$5 


The 12 
principal 


divided into three 


groups: architectural 


papers are 
aspects of 
shell construction, design and research prob- 
lems, and construction and formwork prob- 
lems. 


briefly the history of 


The three architectural papers review 
the development of 
shells, notable historic domes, and detailed 
solutions of various architectural problems. 
A principal point stressed is the necessity 
for close collaboration between architect and 
engineer from the preliminary stages of the 
work and throughout its execution. Various 
solutions of detailed problems in insulation, 
overhead 
Not 


all such problems possess ideal solutions, but 


heating, lighting, acoustics, and 


supports for services are considered. 
practical solutions have been developed for 
particular projects. 

The 


papers) is particularly 


section on structural theory (five 
comprehensive. It 
opens with a very mature comparison of 
existing methods for analysis including the 
principal compatability equations put forth 
by different investigators. Several numerical 
examples are solved by the various methods 
Since all 


methods discussed are based on elasticity 


and direct comparisons made. 
and homogeneity, it is not surprising that the 
the 
compatability equation, even though rigorous 
the effect of 
simplifying assumptions, have not been com- 
pleted. 


general conclusion favored simplest 


mathematical solutions as to 
Some discussion is advanced on the 
ultimate load method of design, based upon 
the plastic theory. The tests reported were 
based on large concrete models approximately 
half-seale to actual structures. These tests 


were quite complete from light loads to 
failure, and they provide convincing evidence 
of the validity of the elastic theory for design 
well as evidence in 
favor of the plastic theory for the ultimate 


load. 


loads, as considerable 
The question of buckling is discussed 
but due to its complexity no final conclusions 
are drawn. This section is concluded by a 

the 
prestressing shells. 


discussion of benefits and methods of 
One of the large models 
tested was a prestressed model and excellent 
illustrations showing prestress actually ap- 


plied to structures. 
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The final 


papers) goes into comparative costs quit 


section on construction (four 


thoroughly. The data presented were take) 
from British projects for the most part and 
so the methods, comparisons, and conclusions 
may not be applicable to American practic¢ 

The book is a valuable reference for an) 
structural engineer or architect contemplat 
ing the use of shells. It is well illustrated and 
provides complete bibliographies on all as- 
pects of shell roof utilization, so that further 
Th 


book will provide an excellent starting point 


study of any aspect will be possible. 


for anyone entering this field and a valuable 
survey of accomplishments up to recent date 
for those in the field. 


Materials 


Investigations relating to the use of 
fly ash as a pozzolanic material and 
as an admixture in portland cement 
concrete 


L. Joun MINNICK 
pp. 1129-1164 


Proceedings, ASTM, V. 54, 


including discussion) 


1954 


the results of a number ol 


investigations on the use of fly 


Summarizes 
ash aS i 
as an admixture in 
The 


cludes results of a recent test series 


pozzolanic material and 
portland cement concrete. report in- 
as wel 
as data collected from a number of sources 


Results are presented in condensed form 


New methods of utilizing fine-grained 
sand in concrete (in Russian) 
V. V. Konstrantinov and A. I. Minas, Vestnik Akad 
Nauk Kazakh. SSR, V. 11, No. 4, 1954, pp. 71-81 
Ceramic ABSTRACTS 
Apr. 1955 (Kamich 
teduced strength of ordinary mortars and 
concretes using fine-grained sand is due to 
insufficient cement paste to envelop the sand 
grains. To overcome this, two methods were 
developed which require no excess or only a 
In one method, the 
amount of cement paste is increased by dilut- 


slight excess of cement. 


ing it with a microfiller (finely ground sand 
in the amount of 50 percent by weight of 
the thick- 
ness of the enveloping cement paste sheath 


cement. In the second method, 
is reduced by using finely ground cement (96 
to 98 percent passing through 0.09-mm open- 
ings). Tests with concrete blocks proved sat- 
isfactory. Concrete with microfiller showed 


somewhat lower frost resistance. 
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Petrographic examination of concrete 
aggregate 


Ricuarp C. MIeLeNz, P 
954, pp. 1188-1218 


ASTM, V. 54 


oceedings 


Summarizes the objectives and applica- 
tions of petrographic examination of aggre- 
gates with reference to gravel, sand, crushed 
stone, slag, and the most common types of 
aggregate. 
examination are treated briefly. 


lightweight Techniques of the 


Testing of reinforcing bars (Piega- 
mento e allungamento di acciai per 
cemento armato) 


P. Vaccare ut, J! ¢ 
N Dee. 1953, pp 


emento (Milan), V. 50, No. 11-12 


10-14 


Reviewed by G. M1Ianvui 


A report of tests performed on ‘‘Tor’’ bars 
to determine the elongation resulting from 
The 


result of the investigation is not conclusive, 


the action of bending and straightening 


as the number of specimens was limited. The 
elongations measured were within 15 percent 
which confirms the limit allowed in the regu- 


lations in use 


On adding some fly ashes to cement 
(De l’addition de quelques cendres vol- 
antes au ciment) 


s Ferer and Micue:t Venvat, Revue des Materi 
Paris), No. 475, Apr. 1955, pp 


Lot 
aur de Construc 
87-98 


tion 


Reviewed by Puituipe L. MeLviLur 


\ series of tests was performed on four fly 


ashes to determine pozzolonic properties. 


Tests were: compressive, tensile strength, 


and shrinkage on 0, 20, 40, and 60 percent 
addition of fly ash to a portland and a lime- 


slag cement teference specimens had an 


equal addition of inert mineral filler. Chem- 


ical and physical data on the ashes is given 


tesults compare with American findings 


with low initial and high final strength 


Shrinkage was not found critical but fineness 
and variability of the fly ashes are stressed 
as an important factor in pozzolanic activity 
Tests of membrane forming com- 
pounds for curing concrete 

Technical Memorandum No 


periment Station, Corps of 
pp., $1 


6-385, 
Engineers 


Waterways Ex 
June 1954, 50 


The ability of a liquid curing compound to 


form, on a fresh concrete surface, a mem- 
brane film that is relatively impervious to 
the 


factor in the evaluation of 


passage of moisture is a fundamental 


a curing agent. 


REVIEWS 


Several series of tests have been conducted 


since 1942. The first program was a labora- 
tory investigation to determine the moisture 
retentive properties of membrane 
Its 


the commercial compounds then 


lorming 


compounds purpose was to determine 
which of 
available would in a single application form 
a film that would retain not less than 90 per- 
cent of the mixing water in concrete at the end 
ol a 7-day test period The second program 
improvements of test 


The third 
generally intended 


was concerned with 


methods and equipment and 


fourth 
to 


programs were 


also improve test methods and equip- 


ment 
The 


data, and a general discussion of the testing 


report includes compilation of test 
procedure for evaluating suitability of mem 
brane forming compounds. Liquid membrane 
curing compounds can not cool the concrete 
the volatile solvents have been 
In these 


pounds may be materially damaged and their 


surface after 


evaporated addition curing com- 


efficiency reduced by prolonged exposure to 
sunlight. Clear curing compounds which do 


not form a film having a high infra-red re 


flectance, are not, therefore, as desirable for 
when heat 


In ¢: 


where water curing is impracticable, mem- 


use as pigmented compounds, 


reflection is at factor ises 


important 


brane forming curing compounds provide the 
best The 


include moisture loss tests, 


means of curing concrete tests 


made, in general 
physical evaluation tests of such qualities as 
sprayability, rate of hardening or drying time, 
early abrasion or rainfall de- 


resistance to 


terioration, resistance to curling, crazing, 
or flaking as a result of exposure to sunlight, 
light \ 


posed specification for pigmented membrane 


and reflectance to infra-red pro- 
forming compounds, based on the results of 


these tests, is included 


Pavements 


Determining the required thickness of 
concrete pavements for highways 


J. H. Moore, Procee ASCE, V. 81 
No. 596, Jan. 1955 $0.50 


dings 


<2 pp 


Separate 


The most widely used method of determin- 
ing thickness of concrete pavements or high- 
ways is based upon wheel loads being placed 
at the the This 
presents data which indicate that the longi- 


corners of slabs paper 
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tudinal edge loading position is really the 
critical loading position when the restrained 
warping stresses and the lateral distribution 
of vehicles across the traffic lanes are rightly 
considered. A table of “load percent fac- 
is given to simplify the recommended 
design method and make it practical and 
easy to apply. For numerous traffic patterns 
the new design method indicates that pave- 
ments of 8 or 9 in. thickness give the longest 
life, and pavement life can be remarkably 
increased by providing 


tors”’ 


strong subgrade 


support. 


Studies of pavement slabs by the thin 
plate theory 
S. Nomacnut, Proceedings of the Second Japan National 
Congress for Applied Mechanics, 1952, pp. 131-134 
Deals with thin rectangular plates with 
four free edges on an elastic subgrade. It 
assumes negative subgrade reactions if re- 
sulting deflections should uplifts. 
It is, however, restricted to cases in which 
uplifts are less than the weight of the slab 
or so small as to be negligible. 


produce 


It compares 
analytical results for a plate loaded on one 
corner with experimental results. 


Airport pavements (in Spanish) 


J. L. Escario, Informes de la Construccion (Madrid), 
V. 7, No. 67, Jan. 1955, Item 541-8, 10 pp. 
Reviewed by J. J. PotrvKa 


General review of conditions affecting 
design, calculations, and construction of air- 
port pavements. Contains studies regarding 
permissible soil pressure, consolidation and 
drainage of subsoil, various methods of de- 
sign and stress analysis considering prin- 
ciples of elastic foundations (Westergaard), 


and properties of concrete and other materials. 


Essentials of curb and gutter construc- 
tion 


L. O. HoGanson, Western Builder, Dec. 2, 1954, p. 38 


ARBA Tecunicat INroRMATION DIGEST 
Jan. 1955 


Combined curb and gutter is used on un- 
paved streets, concrete pavements, and on 
with other than concrete surfaces. 
Air-entraining cement is recommended where 
severe frost action prevails. Best results 
are obtained with steel forms. The gutter 
apron may be any width, from the bare 6 in. 
used as a guide for finishing tools to a 10- or 
12-ft slab put in to form a parking area. 


streets 
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Experimental use of oil-solvent treat- 
ment to control salt scale of concrete 
pavement 
Progress Report No. 1, Illinois Highway Research 
Project No. 17, Illinois Department of Public Works 
and Buildings, Division of Highways, Bureau of Re- 
search and Planning, Apr. 1954 
Highway Researcu ABsTRaActs 
July 1954 
Because of the lack of positive information 
concerning the effectiveness of the oil-solvent 
treatment in Illinois, a more comprehensive 
field experiment undertaken by the 
Illinois Division of Highways in 1951. Test 
sections and treatment procedures are de- 


was 


scribed, and a tabulation is presented showing 
the number and amount of applications of 
calcium and sodium chlorides for the winter 
of 1951-52. A performance survey made 
late in 1952 indicated that the study has 
thus far not produced definitive results, 
because scale has not occurred on either the 
treated pavement or on the pavement left 
untreated for comparison. 

Concurrent with the oil-solvent treatment 
studies, a laboratory study has been under- 
way to determine the air content of cores 
taken from several Chicago pavements, por- 
which salt damage even 
though air entrainment had been specified. 
Results of the laboratory studies have shown 


tions of showed 


most impressively that, where scaling was 
found on these particular pavements, the 
hardened concrete did not contain the speci- 
fied amount of entrained air. 


Precast concrete 


Electric molding process 


Concrete, V. 62, No. 11, Nov. 1954, pp. 20-22 


A method 


, 


called the “electric molding 


process’ results in a stiffening of wet con- 
crete, which permits immediate removal of 
precast units from a mold. It 
applying a electric currént 
the mass of concrete which dries 
internal 
stiffens the concrete. 


consists of 
strong through 
ff water, 
creates heat and expansion, and 
The most interesting 
application described is the manufacture of 
ribbed precast panels. This method claims 
to eliminate the requirement of an individual 
core mold for each casting made. Also de- 
scribed is an application of the method to 
solid cast-in-place concrete walls and the 
manufacture of concrete masonry units. 





CURRENT 


Precast concrete 
Kurr Butuie, D. Van Nostrand Co. Inc., New York, 
1955, 340 pp., $7.50 


Individual projects in 


described 


precast concrete 
have but 


there has been no general handbook on this 


been in many articles 


subject. This book is an attempt to survey 
The first 
part of this work deals with fundamentals and 


existing practice in precasting. 


general data, such as methods of design, 
processes of production, treatment of pre- 
cast concrete, its transport and erection, 
and the efficiency of prestressed concrete. 
The second part discusses a wide range of 
precast structural members; the third, various 
methods of joining them. The fourth part 
is a survey of structures erected from precast 
members or combinations of precasting with 
cast-in-place concrete. 

The book is timely and comprehensive; 
it is an attempt to cover the entire field of 
precasting and so it is of necessity general in 
treatment. As a reference book it should be 
valuable to those proposing design or manu- 
facture of precast concrete; as general back- 
ground it is particularly valuable since it covers 
practices in many countries. Each major 
portion of the book and many of the sub- 
divisions in each portion could well be ex- 
panded into complete separate books. It is 
doubtful that the wide variety of information 
on this subject will be found in any other one 
source. 

The main theme developed is that the uti- 
lization of precasting and the decision as to 
precasting versus casting in place is an eco- 
nomic problem. Author feels that the solu- 
tion to the problem lies in the proper bal- 
ance in any one between 


structure precast 


units and cast-in-place concrete. 


Precast reinforced concrete spiral 
staircase 


Indian Concrete 


Bombay), V. 28 
Feb. 1954 p. 43 


Journal No. 2 
data 
are given for the construction of a precast 
reinforced spiral The 
ingenious feature of the design is that each 
tread-riser unit is precast separately and in- 


Complete design and construction 


concrete staircase. 


cludes a portion of the precast circular shell 
which forms the central column. Erection 
consists of assembling the precast tread-riser 


units, one upon the other, with a single shore 
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under of The 
result is a completely stable spiral stair with 
a circular cavity in the center. A 


the cantilevered end each. 
column 
reinforcement cage is inserted into this cavity 
and the column is cast in place, serving to 
As detailed 
the stairs would be suitable for either interior 
and exterior 


tie the entire structure together. 


ornamental residential use or 


fireproof industrial use. The only cast-in- 
place concrete required is the column footing 
the 
eliminated. 


and column core. Site formwork is 


Up-to-date development and actual 
problems in connection with precast 
concrete structures (Gegenwaertiger 
Stand und aktuelle Probleme der 
Motagebauweise mit Stahlbetonfertig- 
teilen) 


ERNST 
nische 


12 py 


W issenschaftliche 


Dresden), V. 4 


LEWICKI 


ochac 


Zeitschrift Tech 
No. 1, 1954-55 


hule 
Reviewed by Fritz Kramriscu 


teviews interesting structures of precast 
have been erected in the last 


few years all over the world. It 


concrete that 
discusses 
further the actual problems in connection 
with the design, calculation, material, fabri- 
cation, and erection of buildings made up of 
precast units. 


Prestressed concrete 


Prestressed concrete foundation for a 
steam forging hammer (Foundation 
d'un Marteau-Pilon) 

La Technique V oderne 
No. 4, Apr. 1955, pp. 171-1 
Reviewed by ALEXANDER M 


J CouRBON 
Paris), V. 10, 


Construction 
fe 


['URITZIN 


It is generally conceded that the design 
of a foundation for a steam forging hammer is 
a difficult matter, inasmuch as vibration pro- 
the 
forging hammer causes fatigue in the mass of 
the foundation. 
of 


and interruptions of operation. 


duced by the continuous operation of 


This results in the cracking 
concrete, costly maintenance problems, 

In 1942 prestressing of the foundation of the 
steam forging hammer for the shops of the 
Paris Board of Water Supply was tried. The 
foundation consisted of a cylinder 4.16 m in 
diameter. To eliminate tensile forces pro- 
duced in the mass of concrete by the propa- 
gation of vibration waves, it was deemed nec- 


essary to prestress reinforcing in three direc- 
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tions. This was accomplished by prestress- 
ing vertical arid circumferential reinforcing. 
The foundation was concreted in three suc- 
cessive stages. The center core was placed 
first. Then a second and a third cylinder were 
stated 


above after hardening of the concrete of each 


cast, each prestressed in a manner 
of the concentric portions of the foundation. 
The last band of circumferential reinforcing 
The concrete 
maximum 
density with 350 kg of cement for a cu m of 


was protected by shotcrete. 


was carefully proportioned for 


concrete in place. The steel reinforcing was a 
high tensile steel with a breaking point of 75 
to 80 kg per sq mm. After 12 years of con- 
tinuous operation, the foundation was found 
to be in perfect condition and the author 
believes that prestressing is the only practical 
solution for this problem. 


Plant makes prestressed structural 
members for large New York wharf 
Pit and Quarry, V. 47, No. 3, Sept. 1954, pp. 216-220 


Describes a permanent plant setup for 
prestressed concrete manufacture. For the 
third large wharf project in New York to 
employ prestressed concrete, prestressed 
stringers and girders produced in the plant 
are transported a half mile to the bay and 
thence by barge to the job site. Freyssinet- 


The 


prestressing steel employed is the 7-wire, 


stvle pre-tensioning beds are employed. 


have been 
successfully used in many projects of this 
sort. 


5/16-in. diameter strands which 


The forms, the mix, prestressing equip- 
ment, anchorages, and transportation meth- 


ods are described. 


Prestressed concrete in Germany (in 
Dutch) 


g. C. 
1954, pp. 399-404 


Meiscuke, Cement (Amsterdam), No. 23-24, 


Reviewed by Joun W. T. Van Erp 

Describes structures, factories, and factory 
methods for prestressed concrete. 
number of 


A great 
systems and end 
anchorages have been developed; 12 of these 
are described of which three have been used 
in this country. 


prestressing 


A strict system of mix con- 
trol is evident, particularly of the aggregate 
gradation. Cement in bags is hardly used; 
instead bulk cement is stored in silos on the 
job, filled directly from container trucks. On 
all jobs plasticizing agents were part of the 
mix: 
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Tests of continuous prestressed con- 
crete beams (Ensavos de vigas con- 
tinuas de hormigon pretensado) 
Yves Guyon, Bulletin No. 138, Instituto Téenico de 
la Construcci6n y del Cemento, Madrid, May 1953, 40 
17 Reviewed by Emitio RosensLvuetu 
Author elaborates on a most rational prob 
ability approach to structural design. Hi: 
presents a brief review of recent develop- 
ments in prestressed concrete design, advo- 
cating assumption of plastic behavior. In 
this connection it is emphasized that stati- 
cally indeterminate structures may offer great 
reserve of strength, of which elastic design 
cannot take advantage. Several tests on 
continuous prestressed beams and girders ar¢ 
Results of 
ence on this type of structures are given a con- 
vincing interpretation. It 


reported and analyzed. experi- 
is shown that at 
least some cases in which collapse has oc- 
curred under loads appreciably smaller than 
predicted on the basis of full development of 
plastic hinges can be accounted for in view 
of inefficient bonding by means of pressur¢ 
grouting. 


A plasticity theory of cracking, 


under the assumption of fully plastic be- 


havior of concrete in tension, is shown to 
give much more accurate prediction of crack- 
ing loads in statically indeterminate beams 
than elasticity theory. It is that 


within a wide range of conditions there is 


shown 


little advantage in having the prestress cables 
follow the complicated curves required from 
assumption of elastic behavior to prevent 
cracking. 


This leads to greatly simplified 


disposition of reinforcement. Limit design of 
prestressed beams is presented with excep- 
tional clarity. Tests mentioned to de- 
termine limits of applicability of the assump- 


are 


tion of plastic behavior, to predict cracking 
as well as collapse loads, but no results are 
given. 


Continuous prestressing 


Rosnert B. B. Moorman, Proceedings ASCE, V. 81 
Separate No. 588, Jan. 1955, 22 pp., $0.50 


The 


loads for 


treatment of 
continuous 


nature and prestress 
prestressed 
discussed. Two 
worked out; an approximate 
method of determining friction losses is dis- 
cussed. 


concrete 


beams are numerical ex- 


amples are 
A procedure for analysis and design 
is also included. 
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WOODROW L. BURGESS D. O. ROBINSON 
HERBERT K. COOK WILFRID SCHNARR 
ELMER L. MUNGER RALPH W. SPENCER 
CHARLES £. WUERPEL 


SYNOPSIS 


Air-entrained concrete and addition of 1 percent of calcium chloride by 
weight of cement are recommended in cold weather. They permit a reduction 
in the time newly placed concrete should be protected. The use of accelerators 
and antifreezes, keeping of temperature records, heating of materials, subgrade 
preparation, protective coverings, heated enclosures, curing, and form removal 
are discussed for several types of concrete structures and preferred methods 
are indicated. Supplementary material on the effect of curing temperature on 
concrete strength are given in an appendix. A list of selected references is 
included. 


GENERAL REQUIREMENTS 


Plans to protect fresh concrete from freezing and to maintain temperatures 
not less than the permissible minimum during the first few days after placing 
should be made in advance of expected freezing temperatures. All equip- 
ment and materials necessary should be at the work site before the first 
frosts are likely to occur. It is too late to begin assembling protective devices 
and materials after concrete has been placed and the temperature begins to 
approach the freezing point. 

After the first frost and until the mean daily temperature at the job site 
falls below 40 F for more than 1 day, concrete should be protected from 
freezing for not less than the first 48 hr after it is placed. Whenever the 
mean daily temperature falls below 40 F for more than 1 day, concrete should 
be placed at a temperature not lower than shown in line 7 of Table 1 for the 
particular type of concrete and should be maintained at that temperature 
for at least the first 3 days. During the next 3 days it should be protected 


*Title No. 52-9 is a part of copyrighted JourRNAL or THe AMERICAN Concrete Institute, V. 27, No. 2, Oct 
1955, Proceedings V. 52. Separate prints are available at 50 cents each. Discussion (copies in triplicate) should 
reach the Institute not later than Feb. 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich 

This report was submitted to letter ballot of the committee which consists of 8 members, with 8 voting affirma- 
tively. It is released by the Standards Committee for publication and discussion with view to its consideration 
for adoption as an Institute Standard to supersede ‘““Recommended Practice for Winter Concreting Methods 

ACI 604-48)" at the 52nd Annual Convention, Philadelphia, Feb. 20-23, 1956. 
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from freezing. When spring is near and mean daily temperature rises above 
40 F for more than 3 successive days, placement and maintenance of concrete 
for 3 days at or above required minimum temperatures may be discontinued, 
but concrete should not be exposed to freezing temperature for at least 48 
hr after placing. 

These minimum requirements are for concrete containing entrained air 
in the amounts recommended in “Recommended Practice for Selecting 
Proportions for Concrete (ACI 613-54).”* Further protection is obtained 
by the use (where resistance to sulfates is not an objective) of 1 percent 
of calcium chloride by weight of cement. Without air entrainment no ad- 
ditional protection will produce an ultimate durability equal to that obtain- 
able with entrained air; moreover, the maximum durability of non-air- 
entrained concrete can be realized only with twice the recommended pro- 
tection at 50 F. Where it is preferred not to use 1 percent of calcium chloride 
in air-entrained concrete, 7 instead of 3 days protection at 50 F is necessary 
for the same ultimate durability, although similar early strength will be 
attained at 4 instead of 3 days protection at 50 F. Except for concrete at 
surfaces, calcium chloride is unnecessary in mass concrete in cold weather. 

The objective of these requirements is to maintain the temperature of 
concrete at or above a safe minimum which will enable development of ade- 
quate ultimate durability by the end of the protection period. Irrespective 
of air temperatures, the concrete temperature is what determines the effective- 
ness of protection provided. Corners and edges of concrete are most vulner- 
able to freezing and usually more difficult to maintain at required tempera- 
tures; thus their temperatures should be measured to evaluate and verify 
protection provided. 

Heated enclosures, if used, must be strong and windproof. Otherwise, 
proper concrete temperatures may not be obtained despite high fuel con- 
sumption. Heating units should not be permitted to locally heat or dry the 
concrete. Moreover, strict fire prevention measures should be enforced. 
Concrete may not only be damaged by fire, but it is in danger of more serious 
damage by freezing before new protection can be provided. 


Concrete which is not allowed to freeze and which is placed at low tem- 
peratures above freezing develops higher strength and greater durability 
than concrete placed at higher temperatures. High temperatures of freshly 
mixed concrete are always objectionable. The committee emphasizes the 
opportunity which exists in cold weather to avoid mixing and placing concrete 
at high temperatures. For this reason the committee has mentioned no 
maximum allowable temperatures for freshly mixed concrete in cold weather. 


TEMPERATURE OF CONCRETE AS PLACED—HEATING OF MATERIALS 


To assure freedom from freezing until protection can be established, the 
temperature of concrete as placed should not be less than shown in line 7 of 


*ACI Committee 613, “Recommended Practice for Selecting Proportions for Concrete (ACI 613-54),"" ACI 
JouRNAL, Sept. 1954, Proc. V. 51, pp. 49-64. 
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Table 1. Appreciably higher concrete temperatures do not afford proportion- 
ately longer protection against freezing because heat loss is more rapid with 
the greater temperature differentials. Furthermore, higher temperatures 
require more mixing water, cause slump loss and sometimes quick setting, 
and increase thermal shrinkage. Rapid moisture loss from hot exposed 
concrete surfaces may cause plastic shrinkage cracks. It is therefore recom- 
mended that the temperature of fresh concrete as placed be kept as close to 
these minimum temperatures as practicable. 


It is not difficult to maintain the concrete as mixed at temperatures of 
not more than 10 F above the minimums recommended in Table 1 and 
temperatures as high as 20 F above these values should be rare. It is difficult 
to heat aggregates uniformly or to a predetermined temperature, but the 
temperature of mixing water can be adjusted readily by blending hot and 
cold water to maintain the temperature of concrete within a range of 10 deg. 

As the air temperature drops, more ingredients must be heated to produce 
freshly mixed concrete of the desired minimum temperature as is shown 
in Table 1. As the weather becomes colder, more heat should be supplied 
to offset heat lost in the interval between concrete mixing and placing, as 
recommended in lines 8, 9, and 10 of Table 1. Lower minimum temperatures 
of concrete after placing are recommended in line 7 of Table 1 as the con- 
crete becomes more massive because the more massive the section in which 
concrete is placed, the less rapidly it loses heat. In massive work the con- 
crete is therefore particularly benefited by low initial temperatures. 

For air temperatures above 30 F, when aggregates are free of ice and frozen 
lumps, the desired temperature of the concrete can usually be obtained by 
heating only mixing water, as shown in Table 1. For air temperatures below 
30 F it is usually necessary to heat the aggregates to temperatures shown in 
Table 1. Table 1 indicates that heating aggregates to temperatures higher 
than 60 F is rarely necessary with mixing water at 140 F. If the rock is dry 
and free of frost, ice, and lumps, adequate temperatures of fresh concrete can 
be obtained by increasing temperature of only the sand, which will seldom 
have to be higher than about 135 F, if mixing water is 140 F. 


Mixing water should be heated under such control and in sufficient quantity 
to avoid appreciable fluctuations in temperature from batch to batch. To 


avoid the possibility of flash set when either aggregate or water are heated 
to a temperature in excess of 100 F, water and aggregate should come to- 
gether first in the mixer in such a way that the high temperature of one or 
the other is reduced before cement is admitted. If the mixer is loaded in 
this sequence, water temperature up to the boiling point may be used, pro- 
vided aggregate is cold enough to reduce temperature of the mixture of water 
and aggregate to appreciably less than 100 F; in fact, this temperature should 
rarely exceed 60 to 80 F. If loss of potency of an air-entraining agent is 
noted due to hot water, the agent must be placed in the batch after water 
temperature has been reduced. 
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Aggregates should be so heated that frozen lumps, ice, and snow are 
eliminated and overheating is avoided. At no point should aggregate 
temperature exceed 212 F; average temperature of an individual batch of 
aggregate should not exceed 150 F. Either of these temperatures is con- 
siderably higher than is necessary for obtaining desirable temperatures of 
freshly mixed concrete. Materials should be heated uniformly since con- 
siderable variation in their temperature will noticeably vary water require- 
ment and slump of the concrete. 

Steam in pipes is recommended for heating aggregate, but for small jobs 
aggregates may be thawed by heating them carefully over culvert pipe in 
which fires are maintained. When aggregates in stockpiles, cars, or trucks 
are thawed or heated by steam in pipe, exposed surfaces of aggregate should 
be covered with tarpaulins as much as practicable to maintain a uniform 
distribution of heat and to prevent formation of frozen crusts. If steam 
is confined in a pipe heating system, difficulties from variable moisture in 
aggregate are avoided. Variable moisture can be exceedingly troublesome 


when steam jets are liberated in aggregate. 


When emergency conditions require thawing of substantial quantities of 


aggregate materials at extremely low temperatures, steam jets may be the 
ly | 


on yracticable means of providing the necessary heat. In such a case 
thawing must be done as far in advance of batching as possible so as to attain 
substantial equilibrium in both moisture content and temperature. There- 
after the steam supply can be cut to a minimum that will prevent further 
freezing, thereby reducing to some extent the problems arising from variable 
moisture content. Nevertheless, under such conditions, mixing water control 
will have to be largely on an individual batch adjustment basis. 


ACCELERATORS AND ANTIFREEZE COMPOUNDS 


Small amounts of additional cement or of accelerators such as calcium 
chloride to accelerate hardening of concrete in cold weather may be bene- 
ficial, as long as no more than 2 percent of calcium chloride by weight of 
the cement is used. Use of 1 percent of calcium chloride is recommended in 
weather cold enough for mean temperatures to be below 40 F, to obtain higher 
concrete strength at the end of the period of protection. An exception to 
this is when sulfate-resisting concrete is required; in this case an extra sack of 
cement rather than calcium chloride should be used; presumably sulfate- 
resisting cement would be used (ASTM C 150).* Calcium chloride should 
be dissolved in a portion of the mixing water before batching. 

*Another exception to use of calcium chloride may be when there is reason to suspect that steel will be corroded 
by stray currents. In this event also, an extra sack of cement should be used in preference to calcium chloride 
U.S. Bureau of Standards Technical Paper No. 18, published in 1913, reports data on over 400 specimens tested 
with voltages from 0 to 70 at ages from a few days to about 1 year. The findings of this paper, as summarized in 


Highway Research Board Bibliography No. 13, “Calcium Chloride in Concrete,” are The presence of calcium 
chloride, even to the small extent of 0.03 percent, has been found to accentuate the effect of stray electric currents 


in causing the corrosion of iron.’’ There are also indications that calcium chloride should not be used in prestressed 
concrete because of possible stress corrosion of the highly stressed special wire steel, but ordinary reinforcement is 
not affected. 
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Calcium chloride, salts, or other chemicals in the mix in permissible amounts 
will not lower the freezing point of concrete to any significant degree. To 
avoid misplaced confidence in such a method and to avoid use of harmful! 
materials, any such attempt to protect concrete from freezing should not be 
permitted. 


WINTER PROTECTION TEMPERATURE AND CURING METHODS 


Newly placed air-entrained concrete containing | percent calcium chloride, 
made with other than high-early-strength cement, should be maintained at 
the minimum temperature indicated in line 7 of Table 1 for the first 3 days 
and, as an added precaution, at a temperature above freezing for the next 3 
days. Similar concrete made with high-early-strength cement should be 
kept at these minimum temperatures for 2-day periods. Concrete which 
does not contain entrained air and calcium chloride must be protected for 
longer periods as already explained. The surface temperature of hardened 
concrete should not be permitted to greatly exceed the required temperature 
for reasons previously discussed. 

At the end of the required period, protection should be removed in such a 
manner that the drop in temperature of any portion of the concrete will 
be gradual and will not exceed in 24 hr the amount shown in line 17 of Table 
1 for each type of concrete. 

Favorable curing conditions should be maintained during the period of 
protection. Avoid high temperatures and dry heating within enclosures, 
particularly where floor finishes are involved. If dry heating is necessary, 
concrete can be water cured, but heating and curing by means of exhaust 
steam at a moderate temperature within the enclosure is preferable. Use of 
exhaust steam is especially desirable in extreme cold, since the water content 
of the steam tends to balance the greatly increased absorptive capacity of 
the air. This is as much as 25-fold when —20-deg air is heated to +50 F. 


This moisture will, however, create a serious icing problem at any point 
where cold air can enter the heated enclosure. Unless prevented by keeping 
the enclosure tightly closed, such icing under severe conditions may over- 
load the enclosure or at least cause a vexatious problem of disposal. 


Early curing with sealing compound is acceptable within heated enclo- 
sures, although it is usually more practicable to cure with water or exhaust 
steam during the period of protection, and apply the sealing compound dur- 
ing the first weather above freezing after protection is removed. 

If water curing is specified, the period of protection from freezing must, 
of course, be the same as the required period of water curing. Actually, water 
curing is needed in winter primarily to offset drying occurring in combustion- 
heated enclosures. Concrete enclosed in forms or effective insulation will 
rarely lose enough moisture at 50 F or lower to impair curing. For mass 
concrete exposed to subsequent wetting from snows and rains, usual water 
curing is unnecessary in winter after the period of protection, 
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TEMPERATURE RECORDS 


Inspection forces should keep a record of the date, hour, outside air temper- 
ature, and weather (calm, windy, clear, cloudy, etc.). The record should 
include temperatures at several points within the enclosure and on the con- 
crete surface, corners, and edges in sufficient number to show highest and 
lowest temperatures of the concrete. Thermometers embedded in the con- 
crete surface are ideal but satisfactory accuracy and greater flexibility of 
observation can be obtained by placing the thermometer against the con- 
crete under a temporary cover of heavy insulating material until it registers 
a constant temperature. Maximum and minimum temperature readings in 
each 24-hr period should be recorded. Data recorded should clearly show the 
temperature history of each part of the concrete. A copy of the temperature 
readings should be included in permanent records of the job. 


PREPARATION BEFORE CONCRETING 


Before any concrete is placed, completely remove all ice, snow, and frost 
and raise the temperature of all surfaces the concrete will contact above the 
freezing point. No concrete should be placed on a frozen subgrade or on one 
that contains frozen materials. Where concrete is to be placed over perma- 
nently frozen ground, subgrade material must be thawed deep enough to 
insure that it will not freeze back up to the concrete during the required period 
of protection, or it must be covered with an equally sufficient depth of dry 
granular material. 


PROTECTION 


Arrangements for covering, insulating, or housing newly placed concrete 
should be made in advance of placement and should be adequate to maintain 
in all parts of the concrete the temperature and moisture conditions recom- 
mended in the paragraph on winter curing temperatures and methods. 

Since during the first 3 days requiring protection most of the heat of 
hydration of the hardening cement is developed, no heat from outside sources 
is required to maintain concrete at correct temperatures if heat generated in 
the concrete is suitably conserved. This heat may be conserved by use of 
insulating blankets on unformed surfaces and by insulated forms where re- 
peated reuse of forms is possible.2 Temperature records will reveal the 
effectiveness of different amounts or kinds of insulation or of other methods 
of protection for various types of concrete work under different weather 
conditions. Appropriate modifications and selections can be made accord- 
ingly. It will rarely be practicable to do concrete work in weather so cold 
that concrete can net be kept up to required minimum temperatures by 
sufficient insulation. Methods for estimating temperatures maintainable 


by various insulation arrangements under given weather conditions have 
been published.? In Tables 2a, b, and c the amount of insulation necessary for 
good protection can be determined from information shown for various kinds of 
concrete work and for several degrees of expected severity in weather. 
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Enclosures for heating may be made of wood, canvas, gypsum wall board 
fiber insulation board, plywood, sisalkraft, tarred paper, or other suitable 
materials, as long as they are reasonably tight and safe for wind and snoy 
loading. Such temporary housings are inherently difficult to make fire- 
resistant and fire is an ever-present hazard. Exhaust steam is safest from 
this standpoint; airplane heaters located outside the enclosure and blowing 
hot air into it are perhaps second best. Open fires and salamanders should 


TABLE 2a—INSULATION REQUIREMENTS FOR CONCRETE WALLS AND FLOOR 
SLABS ABOVE GROUND 


Concrete placed at 50 F 


Minimum air temperature allowable for these thicknesses 
of commercial blanket or bat insulation, deg I 


Wall 
thickness, ft 
1.0 in. 1.5 in. 2.0 in 


Cement content—300 lb per cu yd 


41 
29 
19 
14 
g 
Lf) 


2 


Cement content—400 lb per cu yd 


‘ement content—500 lb per cu yd 


Cement content—600 lb per cu yd 


Insulation equivalents* 


Insulating material Equivaient thickness, in 


in. of commercial blanket or bat insulation 1.000 


in. of loose fill insulation of fibrous type 
in. of insulating board 

in, of sawdust . 

in, (nominal) of lumber 

in. of dead-air space (vertical) 

in. of damp sand 


1.000 
0.758 
0.610 
0.333 
0.234 
0.023 


*See notes, Table 2b. 
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be avoided; they do not provide circulation obtainable with exhaust steam 


jets or airplane heaters. Moreover, exposure to the strongly CO. atmosphere 


of open fires during the first 24 hr may seriously weaken concrete at the 
surface.!! Adequate fire-fighting apparatus should be easily accessible; 
attendants to insure continuous operation of heating units should be on the 
job at all times. 

During placement of unformed concrete, tarpaulins or other readily movable 
coverings supported on horses or framework should follow closely the placing 
of the concrete so that only a few feet of finished slab are exposed to out- 
side air at any time. Such tarpaulins should be arranged so that heated air 


TABLE 2b—-INSULATION REQUIREMENTS FOR CONCRETE SLABS PLACED ON 
THE GROUND 


Concrete at 50 F placed on ground at 35 F— 
No ground temperature gradient assumed 


Minimum air temperature allowable for these thicknesses 
Slab of commercial blanket or bat insulation, deg 
thickness, ft 
1.0 in 1.5 in 


Cement content—300 lb per cu yd 


Cement content 100 |b per cu yd 


Cement content 500 Ib per cu 


Cement content 600 lb per cu 


333 

667 

0 

5 

2.0 
5 

+.0 


*See explanation, Table 2c 

Notes The tables are calculated for the stated thicknesses of blanket-type insulation with an assumed con 
ductivity of 0.25 Btu per hr per sq ft for a thermal gradient of 1 deg I per in. The values given are for still air 
conditions and will not be realized where air infiltration due to wind occurs. Clos« packed straw under canvas 
may be considered a loose-fill type if wind is kept out of the straw The insulating value of a dead-air space 
greater than about \% in. thick does not change greatly with increasing thickness lextbooks or manufacturers 
test data should be consulted for more detailed data on insulations. See insulation equivalents, Table 2a 
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can be circulated freely on both top and, except for pavements, bottom of 
the slab. Layers of insulating material placed directly on the concrete are 
also effective in preventing freezing. 

Housings and enclosures should be left in place for the entire period of 
protection specified except that sections may be temporarily removed as 


required to permit placing additional forms or concrete, provided they are 


replaced as soon as the form or concrete is in its final position and the un- 
covered concrete is not frozen, and provided time lost from the required 
period of protection is made up at the required temperature before pro- 
tection is discontinued and removed. 


TABLE 2c—INSULATION REQUIREMENTS FOR CONCRETE SLABS PLACED ON 
THE GROUND 


Concrete at 50 F placed on ground at 40 F— 
No ground temperature gradient assumed 


Minimum air temperature allowable for these thicknesses 
Slab of commercial blanket or bat insulation, deg F 
thickness, ft 
1.0 in. 1.5 in. 


Cement content—300 lb per cu yd 


Cement content—400 Ib per cu yd 


Cement content—500 lb per cu yd 


Cement content—600 lb per cu yd 
50 
2 


- | 
—4 
~78 


*Due to influence of cold subgrade on these thin slabs, insulation alone will not. maintain their temperaturé 
at the required 50 F in cold weather. In such cases the additional heat supp y necessary to maintain required 
temperatures in the concrete must be provided by using higher placing temperatures, preheating of the ground 
electric resistance wire under the insulation, or by other means depending on the severity of the prevailing weather 
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REMOVAL OF FORMS 


In warm weather, forms should be removed as soon as this can be done 
without damage to concrete so that prescribed curing treatment can com- 
mence at the earliest possible age. In such weather, curing provided by 
forms is usually inferior to curing specified. But in cold weather moist 
curing, though important, is not so urgent, and protection afforded by forms, 
other than of steel, is often of greater importance. In heated enclosures 
such forms serve to distribute the warmth more evenly and to prevent local 
heating. With suitable insulation, the forms, including those of steel, in 
many cases will provide adequate protection without supplemental heating. 
Therefore, in view of the reduced period of protection now recognized as 
sufficient, it is usually advantageous not to remove forms until the end of 
the required minimum period of protection. Then, except for removal of 
supporting shores or centering in some cases, forms can be removed without 
damaging or endangering the concrete if reasonable care and proper pre- 


cautions are taken. 


Sometimes, however, the construction schedule or economical reuse of 
forms will dictate their removal at the earliest practicable time. In this 
event in winter, as in any season, forms may be removed at the earliest age 
at which this can be done without damage or danger to the concrete. Except 
for work requiring support by shoring, usually it will be found that when 
concrete is sufficiently strong that corners and edges will not be damaged 
during stripping, it will be amply strong to support its own weight without 
visible or measurable evidence of cracking or deflection. The minimum 
time for this can best be determined by trial on the job since it is influenced 
by several job factors, including type and amount of cement and other aspects 
of the concrete mix, curing temperature, type of structure, design of forms, 
and skill of workmen. 

Earliest permissible time for removal of shores and centering should be 
determined from the strength of job-cured specimens of the concrete. The 
strength of a job-cured specimen, being usually less than that of concrete 
in the structure as indicated by core strength, provides a conservative basis 
for determining the safe time for removal of supports. When specimens, 
exposed to approximately the same temperature and curing as concrete in 
the structure, attain a strength equal to twice the stress to be sustained, 
the supports may be removed. The engineer responsible for design should 
indicate the minimum strength required to support the dead load and any 
live loads which may be imposed during construction before the concrete 


will have developed its full strength. It may be necessary to install proper 


re-shoring to support temporary live loads. If so, its necessity and time 


of removal may be similarly determined. 
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MINIMUM REQUIREMENTS FOR JOBS TAKING MAXIMUM RISK 


On many jobs it will be desired to practice the minimum protection which 
will avert noticeable damage to the concrete. To accomplish this minimum 
objective the recommendations below should be followed. However, it should 
be understood that when only this utterly minimum protection is provided, 
it does not give the margin of safety and assurance of best ultimate strength 
and durability which should prevail on good concrete work. 

1. Concrete should contain entrained air and 1 percent of calcium chloride 
by weight of cement. 

2. There should be no frozen lumps or materials in the concrete as placed, 
or where it is placed. 

3. Concrete should be prevented from freezing and drying for at least 
3 days after placing. 


Appendix 


WINTER CONCRETING OBJECTIVES 


Concreting methods during cold weather must be adequate to: 
1. Prevent damage to concrete from freezing and thawing at an early age. 
2. Allow the concrete to develop early strength, permitting removal of 
forms for prompt reuse and loading of the structure when desired. 

3. Maintain proper curing conditions. 

4. Limit excessive or rapid temperature changes before the strength of 
the concrete has developed sufficiently to resist temperature stresses. 

5. Obtain the foregoing items of protection to a degree and at a cost 
consistent with intended serviceability of the structure. 
Prevention of damage at early ages 

The exact limits of the critical period when potential durability and strength 
of concrete may be seriously damaged by one or two cycles of freezing are 
uncertain. These limits are doubtless affected by many factors in the 
character of concrete ingredients, composition, mixing, placing, and curing. 
A major factor is the rate of strength gain at early ages. Experience and 
some laboratory tests indicate that if plain concrete has attained a com- 
pressive strength of 500 psi, it will not be seriously damaged by one or two 
freezing cycles provided curing conditions continue favorable; concrete with 
entrained air is less susceptible to damage by early freezing. With protection 
recommended, two to three times this strength will be attained at the end 
of the first 72 hr except in lean mass concrete. 
Production of enough strength to permit removal of forms or loading of the 
structure 

Winter concreting methods should produce the proper concrete strength; 
first, to permit economical reuse of forms; second, to permit construction 
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Fig. 1—Relative strength of concrete as influenced by warming both in water 
and in air after exposure to temperatures of 16 and 33 F—normal cement 


From: Timms, A. G., and Withey, N. H., ‘Further Studies of Temperature Effects on Compressive Strength of Concrete, 
ACI JOURNAL, Nov.-Dec. 1934, Proc. V. 31, p. 1¢ 


of the upper portions of the structure; and third, to permit loading the structure 
when desired. The strength required for each case will depend on the type 
of structure. The value of early form removal and early use of the structure 
must be balanced against the cost of additional heating and protection in 
cold weather. The effect of curing temperature on concrete strength can 
be found conveniently in Fig. 1 to 5. In considering these data it should 
be kept in mind that the results shown were obtained from tests of 3 x 6-in. 
concrete cylinders. Thus, the volume of concrete was relatively small and 
the time required to bring the concrete to the temperature of the surrounding 
air much shorter than would occur in the field even for thin sections. 
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Fig. 2—Relative strength of concrete as influenced by warming both in water 
and in air after exposure to temperatures of 16 and 33 F—high-early-strength 
cement 


From: Timms, A. G., and Withey, N. H., “Further Studies of Temperature Effects on Compressive Strength of Concrete,” 
ACI JOURNAL, Nov.-Dec. 1934, Proc. V. 31, p. 165 


There may be over-all economy in the use of more cement, high-early- 
strength cement, or calcium chloride to increase strength attained during a 
certain period of protection or to reduce the period of protection required 
to attain a certain strength. The committee’s recommendation is based 
on the fact that a shorter period of protection is adequate when concrete is 
air-entrained and is accelerated moderately with 1 percent of calcium chloride 
(or extra cement instead of calcium chloride where sulfate resistance is re- 
quired). Particularly where early structural strength is necessary, it may 
prove more economical to take further advantage of these means of acceler- 
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Laboratory Mixture ea Cement 
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Fig. 5—Strengths at different ages for concrete stored in air or in water at 50 F 
expressed as percentages of design strengths for curing at 70 F 
Dash lines for concrete given 1 day preliminary storage in air, then moist at 70 F (top four diagrams), 
or in water at 72 F (bottom four diagrams) 
Solid lines for concrete made and given preliminary sforage in air at normal temperatures, then stored 
in air or water at 50 F 
Dotted lines for concrete made and given 1 day preliminary storage in air at 50 F, then stored in air 
or water at 50 F 
From: Timms, A. G., and Withey, N. H., “Further Studies of Temperature Effects on Compressive Strength of Concrete, 


ACI JOURNAL, Nov.-Dec. 1934, Proc. V. 31., p. 165 

ating strength development than to extend the period of protection; how- 
ever, the possible effects of excessive amounts of cement or calcium chloride 
should be considered. Fig. 4 and 5 indicate early strength development 
obtained with a high-early-strength cement at relatively low temperatures. 
Use and effects of calcium chloride are discussed in ‘‘Admixtures for Con- 
crete,” by ACI Committee 212 (ACI Journat, Oct. 1954, Proc. V. 51, p. 
113) and in Reference 3. 
Requirement of gradual drop in temperature of concrete surfaces at end of 
protective period 

Large temperature changes, causing excessive differences in temperature 
between interior and exterior portions of a body of concrete, promote cracking 
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and have a harmful effect on strength and durability. These effects are 
serious possibilities in winter during form removal and when protection 
against low temperatures is discontinued. At such times, the surface of the 
concrete may be rapidly chilled and cracking may result. The seriousness 
of cracking due to sudden chilling at the surface is greatest in mass concrete 
where the heat of hydration of the cement may raise the internal temperature 
from 30 F to as much as 70 F above the temperature at which the concrete 
is placed. Rapid dissipation of heat to the surrounding air in beams, columns, 
walls, or other masses of concrete less than 2 ft thick prevents development 
of excessively high internal temperatures, but sudden drops in surface 
temperature of a destructive nature may occur in such thin sections. 


Obtain protection at a cost consistent with intended serviceability of structure 


In determining winter concreting methods it should be kept in mind that 
most concrete structures are intended for a useful life of many years instead 
of the few weeks or months covered by ordinary construction operations or 
laboratory test periods. Satisfactory strength for 28-day cylinders is not 
enough if the structure shows frostbitten corners, dehydrated areas and 
cracking from overheating, all the result of inadequate protection and curing, 
or careless supervision. Similarly, early strength and good appearance of 
a structure achieved by use of excessive amounts of cement or calcium chloride 
will be of no avail if the concrete cracks badly in later years or develops 
disruptive internal expansion as a result of chemical action. The last penny 
of construction economy should not be obtained by sacrificing durability. 


Experience has shown, however, that the cost of adequate protection for 
cold weather concrete need not be excessive. Depending on the type of 
structure and the exposure, cost of the concrete may be increased up to 10 
percent over similar concrete placed under summer conditions. Since neglect 
of early frost protection may result in immediate destruction or permanent 
weakening of the concrete, it is apparent that adequate protection from low 
temperatures and proper curing are important factors on all concrete 
structures built during cold weather. 


SUMMARY 


Best winter construction practice for thin sections such as in buildings, 
pavements, and bridges necessarily is somewhat different from that for 
massive concrete such as in dams and piers in which heat from hydration 
of the cement is a problem in any season. In the first case, our purpose is 
to keep thin sections from freezing and to permit their concrete to gain strength 
properly. In the second case, it is to keep temperature change down and at 
the same time prevent local frost damage to corners and exposed faces. In 
either case there is need for a factor of safety to take care of unexpected 


changes in weather and the possibility of some inadequacy in the protection 
provided. 


a 
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These things have been kept in mind in preparing these recommended 
practices. Information has been included in the tables, and procedures have 
been described which will apply with ample security to any type or class of 
concrete work. For those who wish to operate with a low factor of safety, 
minimum requirements have been listed. Either the safe or the minimum 
precautions can be applied to any job regardless of size; the choice must 
remain with the builder. 

These recommended practices should be regarded as general recommen- 
dations, not as detailed specifications. For more detail on procedures and 
facilities reference is made to the literature on cold-weather concreting, 
which is voluminous. A bibliography of 135 items published since 1929 
will be found in the ACI JourNAL, Sept. 1948, Proc. V. 45, p. 13. The follow- 
ing selected references may be helpful. The committee does not, however, 
necessarily endorse all practices mentioned in these references. 


SELECTED REFERENCES 


1. Shideler, J. J., Brewer, H. W., and Chamberlin, W. H., ““Entrained Air Simplifies Winter 
Curing,’”’ ACI Journat, Feb. 1951, Proc. V. 47, p. 449. 

2. Tuthill, L. H., Glover, R. E., Spencer, C. H., and Bierce, W. B., “Insulation for Pro- 
tection of New Concrete in Winter,’? ACI Journat, Nov. 1951, Proc. V. 48, p. 253. 

3. Shideler, J. J., ““Calecium Chloride in Concrete,’? ACI Journat, Mar. 1952, Proc. V. 48, 
p. 537. 

4. Wallace, George B., ‘“New Winter Concreting Techniques Successful on Bureau of 
Reclamation Jobs,’’ Western Construction, Nov. 1954. 

5. Nernst, P., Rastrup, E., and Idorn, G. M., “Winter Concreting,’’ Direction No. 17, 
Danish Institute of Building Research, Copenhagen, 1953. 

6. “Cold Weather Ready-Mixed Concrete,’’ National Ready Mixed Concrete Assn., 
Washington, D. C., 1951. 5 

7. Clemmer, H. F., “‘When and Where to Use Calcium Chloride in Concrete Construction,”’ 
Concrete, V. 47, Oct. 1939, p. 14. 

8. Bornemann, E., “‘Concreting in Winter,” Der Bautenschutz, V. 9, No. 11, Nov. 1938, 
p. 11 (Abstracted in ACI Journat, Apr. 1939, Proc. V. 35, p. 434). 

9. Schnarr, W., and Young, R. B., “Cold Weather Protection of Concrete,’ ACI JourNAL, 
Mar. 1934, Proc. V. 30, p. 292. Discussion, Sept. 1934, Proc. V. 31, p. 47. 

10. Schnarr, W., and Young, R. B., ““Manufacturing Concrete During Cold Weather,”’ 
ACI Journat, Mar. 1934, Proc. V. 30, p. 279. Discussion, Sept. 1934, Proc. V. 31, p. 47 

11. Kauer, J. A., and Freeman, R. L., “Effect of Carbon Dioxide on Fresh Concrete,” 
unpublished manuscript. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNAL. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 
























Title No. 52-10 


Some Factors Which Influence the Strength of 
Bolt Anchors in Concrete’ 


By ROBERT F. ADAMSt+ 


SYNOPSIS 


Many types of anchoring devices are used to anchor conduit, machinery, 
fixtures, etc., to concrete. This paper describes pull-out tests made with the 
type known as multiple expansion unit bolt anchors. Best results are attained 
when the bolt anchors are set in a well-cleaned hole of the proper size and 
depth. The hole should be drilled with a drill which leaves a rough surface. 
The depth of the holes should be at least four times their diameter, and they 
should be placed at least two or three times their depth away from an edge 
or corner of the concrete if possible. Two anchor units are sufficient for bolt 
anchors using bolts less than 34 in. in size, and three units should be used for 
those 34 in. or larger. If the anchorage is to take shearing loads, the annular 
space around the bolt above the anchor units should be filled with a rigid 
material to support the bolt when a shearing load is applied 


INTRODUCTION 


The Bureau of Reclamation uses a large number of anchoring devices to 
attach conduit, cables, machinery equipment, and fixtures to concrete in its 
power plants and other structures. Because it was desired to use anchoring 
devices to the best advantage, a number of tests were made to determine the 
best way in which they should be used. The type of anchoring device known 
as bolt anchors or machine bolt anchors, the type most widely used by the 
Bureau of Reclamation, was selected for these tests. 

While the information in this report applies only to bolt anchors, many 
of the principles can be applied in a general way to other types of anchoring 
devices. 


DESCRIPTION OF BOLT ANCHORS 


The anchoring devices used in the tests reported in this paper were of the 
type known as multiple expansion unit bolt anchors and are more commonly 
termed bolt anchors or machine bolt anchors. Bolt anchors are manufac- 
tured by several companies. The units consist essentially of two parts as 
shown in Fig. 1. They are anchored in concrete by expanding the upper lead 
portion over the conical lower portion by means of a setting tool as shown 


*Received by the Institute Jan. 19, 1954. Title No. 52-10 is a part of copyrighted JouRNAL of THE AMERICAN 
Concrete Institute, V. 27, No. 2, Oct. 1955, Proceedings V. 52. Separate prints are available at 35 cents each 
Discussion (copies in triplicate) should reach the Institute not later than Feb. 1, 1956. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

tMember American Concrete Institute, Materials Engineer, Bureau of Reclamation, Denver, Colo 
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in Fig. 2. Any number of bolt anchor 
units can be installed on one bolt and 
expanded separately to make an an- 
chorage. Two anchors are shown on 
each bolt in Fig. 1. 


The bolt anchor units are made 
with the hole either threaded or plain. 
Anchorages can be placed so the head 
of the bolt is either in or out of the 
hole in the concrete. With the ‘‘bolt 
head out” type of installation which 
is shown in the left assembly in Fig. 
1, a dummy or headless bolt must be 
used when the anchor units are set, 
but is replaced by the bolt used in 
the installation. Also, with the “‘bolt 
head out”’ installation, the bottom an- 
chor unit is a threaded unit and other 
units placed on the same bolt are plain 
or not threaded. The bolt shown in 
this assembly is a stud bolt which 
was used in these tests. The assem- 
bly on the right in Fig. 1 is for the 
“bolt head in” installation. Thé bolt 


i —O 7 oll - . . . . . 
Fig. 1 ne-half and 7%-in. bolt an anchor units for this installation are 


chors used in bolt anchor pull-out ; 

tests. Two bolt anchor units are "0t threaded. Only one manufac- 

shown on each bolt turer, so far as is known, supplies bolt 

anchors with the small ring which 

is shown on the units in Fig. 1. Bolt anchors are made for a range of bolt 

sizes, one manufacturer making them for bolts from 3/16 to 11% in. in diameter. 

The sizes of bolt and anchors are designated by the diameter of the bolt used 
with them. 


TESTS 


Preliminary pull-out tests were made to determine the difference in strength 
of bolt anchors in tension for different degrees of cleanliness and surface 
texture of the drilled hole, size of the hole, and effect of the small ring which 
one manufacturer uses. These tests are not described in detail but the re- 
sults are reported. A few tests were also made in which a shearing load was 
applied to the anchor bolt. 


The tests which are reported in more detail in this paper were made to 
determine the effect of concrete strength, number of anchor units on the bolt, 
and the depth of the hole in which the units were placed on the tensile strength 
of the anchorages. 
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Three concrete blocks, 4x9x1ft, were made with water-cement ratios 
of 0.45, 0.60, and 0.85 by weight. The concrete was made with 1!5-in. maxi- 
mum-size gravel, Type II portland cement, without entrained air, and a¥-in. 
slump. The top surface of the block was coated with curing compound 
about 2 hr after casting, and the sides were coated when the forms were re- 
moved. The tops of the block were covered with 1!% in. of damp sand and 
tarpaulins during curing. Four 6 x 12-in. cylinders were made from the con- 
crete in each mix. These cylinders were coated with curing compound when 
removed from the molds and stored in damp sand between the block and the 
nearby building wall, and tested in compression at 14 and 28 days. 

One-half and %-in. bolt size bolt anchors which had the ring as shown 
in Fig. 1 were used in these tests. For the smaller size, the “bolt head out”’ 
type of installation was used while for the larger size the “bolt head in” type 
of installation was used. 

The 114-in. holes for the %-in. bolt anchors were drilled in the concrete 

block with a jackhammer. Detachable bits were used. The 1-in. holes for 
the 14-in. bolt anchors were drilled with an electric hammer and star drill. 
The diameter of the drills was measured prior to drilling each hole, and the 
drills were discarded when they became too small. After the holes were 
drilled in the concrete, they were blown out with air, washed with water 
and a bristle brush, then blown with air until surface dry. All bolt anchor 
units were set individually using the setting tool furnished by the manufac- 
turer as shown in Fig. 2. The %-in. bolt anchor units were set with 13 full- 
strength blows of a ball-peen hammer which weighed 2.4 lb. The !o-in. bolt 
anchor units were set under the same conditions except the blows were some- 
what less than full strength. The same person set all anchors. Stud bolts 
made from 14- and |? g-in. 
mild steel rods were used 
for convenience in testing 
and to secure a more uni- 
form steel for all the tests. 
The physical properties of 
the steel are shown in Ta- 
ble 1. 

The bolt anchors were 
tested when the concrete 
had reached compressive 
strengths of approximately 
1600, 3500, and 5700 psi, 
as estimated from the 14- 
and 28-day strengths of 
the 6 x 12-in. cylinders. A 


tensile load was applied to — QR Ove ee peck. P 


* 


the anchors by means of the oii iia sia 
testing rig shown in Fig. 3. Fig. 2—Method of setting anchor bolts 
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TABLE 1—PHYSICAL PROPERTIES OF ‘The gage pressure on the hydraulic 
STEEL BARS USED FOR BOLTS IN 


BOLT ANCHOR PULL-OUT TESTS jack at the maximum or failure load 


- was converted into the load on the 
Size of bar, in. anchorage from the calibration of the 
7, % jack and the mechanical advantage of 
~ the lever system of the testing rig. 
The jack was calibrated in a testing 
72,000 | 56,600 machine before and during the tests. 
Fig. 3 does not show the “rocker” ar- 
rangement between the vertical rod 
which exerts the pull on the bolt anchors and the horizontal beam used as a 
lever. This “rocker’’ and the very small vertical movement that has taken 
place when the bolt anchors fail indicates that very little bending moment is 
applied to the anchors. 


Yield point, psi 17,600 | 35,500 
Ultimate tensile strength, 
psi 


Elongation in 8 in., percent 27 | 34 


RESULTS OF TESTS 


The preliminary tests, which are not reported in detail, showed that work- 
manship is one of the most important points in securing good anchorages. 
The holes drilled in the concrete must be clean to secure satisfactory results. 
Bolt anchors set in holes cleaned by blowing with compressed air and swab- 
bing with a wet rag withstood a load of 10,000 lb, while those set in holes 
which were not cleaned and in which a small quantity of drilling dust re- 
mained, carried a load of only 3000 to 4000 lb. 

The preliminary tests also showed that the size of the hole or clearance 
between the anchor units and the concrete affects the load the anchorage will 
varry. Comparative tests were made with one brand of 1%4-in. bolt anchors 

set in holes drilled with bits 
measuring 1.015 and 0.948 
in. in diameter. With the 
larger hole, the anchorage 
failed due to the expanded 
lead portion of the bolt an- 
chor stripping around the 
conical part at a maximum 
‘load of 8600 lb. With the 
smaller hole, the anchors 
did not slip and the bolt 
broke at a load of 9700 lb. 
Tests to determine the 
effect of the small ring 
used by one manufacturer 
showed that the ring in- 
creased the load at failure 
as much as 30 or 40 percent 
Fig. 3—Bolt anchor testing rig in use in this brand of anchor so 
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long as the failure was due to the anchors slipping in the concrete. Obviously, 
if the conditions are such that the failure is in the bolt, the ring will not in- 
crease the load the anchors will carry. 

In part of the preliminary tests, it was possible to compare the smooth- 
ness of the hole on the load which the anchors carried. One series of tests 
was made with the hole reamed with a diamond drill which resulted in a rela- 
tively smooth surface. Another series was made with the holes drilled with 
the equipment described in this report which provided a rougher surface. 
The anchors which were set in holes drilled with the rougher surface were 
able to carry a considerably greater load before failure. 

Anchors which are placed too close to an edge or corner may break out 
Tests were not made to determine the effect of the number of blows and 
size of the hammer used in setting the anchors, but it is logical to assume 
that the anchors can be set too lightly or with so much force that either or 
both the concrete or anchor may be damaged. 

The tests reported in detail in this paper give an insight into the manner 
in which bolt anchors fail. A single anchor unit in a shallow hole in concrete 
when subjected to a tensile load will probably fail by “spalling” the con- 
crete or pulling a conical shaped piece out as shown in Fig. 4. This is primarily 
a tension failure in the concrete. As the depth of the hole is increased, the 
point is reached where the spall-type failure no longer occurs, but the anchor 
fails due to slipping. When the slip type of failure occurs, additional depth 
will not increase the load which the anchor will carry. Increasing the number 
of anchor units on the bolt, or increasing the strength of the concrete, will 





Fig. 4—Typical “spall” type 
of concrete failure in bolt 
anchor tests 
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increase the load which the anchorage will carry. With a sufficient number 
of anchor units and sufficient depth in the concrete, the point is reached where 
the spall or slip type of failure no longer occurs but the bolt fails in tension. 
This is the maximum load which this anchorage can carry. However, addi- 
tional anchor units on the bolt or additional depth will increase the factor of 
safety. When bolt failure occurs, a bolt made with higher strength steel will 
increase the load, but additional units or depth will, of course, be necessary 
to accomplish this. 

The test results shown graphically in Fig. 5 and 6 show that the load which 
a bolt anchor will carry is approximately directly proportional to its depth 
in concrete so long as the spall-type failure occurs. Increasing the number of 
anchor units on the bolt or increasing the compressive strength of the con- 
crete will increase the load which the bolt will carry up to the point where 
bolt failure occurs, but at a rate which is less than a direct proportion. 

From one to three pull-out tests were made for each point shown in Fig. 
5 and 6. While these tests may appear to be limited, experience with the test 
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Fig. 6—Effect of number of units, depth of hole, and strength of concrete on 
tensile failure load of 7%-in. bolt anchors 


in a considerable amount of work not reported here, together with the pattern 
of results in Fig. 5 and 6, gives confidence that the results and conclusions 
are reasonable. 

The depth which most manufacturers show in their literature for setting 
the anchors appears to be based on the dimensions of the units and is a mini- 
mum to insure only that the anchor units are in the hole. This is not sufficient 
to develop the full potential strength of the anchors. The manufacturer of 
the brand of unit used in these tests shows a minimum hole depth of 1%4 in. 
for the two-unit 14-in. bolt size anchors and 2% in. for a three-unit anchor. 
These tests show that for average strength concrete (3500 psi) two units on a 
bolt set in a hole 3 in. deep were sufficient to fail a mild steel bolt with a load of 
about 10000 lb. 

For the %%-in. bolt size anchors, the manufacturer shows a minimum hole 
depth of 234 in. for two units and 4 in. for three units. These tests showed 
that two units set to a depth of 6 in. in average strength concrete were sufficient 
to fail the mild steel bolts. However, two units appeared to be on the border- 
line, and the writer recommends three units in this size of anchor to insure 
that the results with other brands of bolt anchors would also be satisfactory. 

It appears then that two units are sufficient for the small bolt anchors 
and that three units are necessary for the larger sizes. 


A very limited number of tests were made in which shearing load was applied 
to the bolt. These tests are not described in detail, but they show that to 
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secure the maximum from a bolt anchor carrying a load in shear the annular 
space between the bolt and the concrete above the anchor units should be 
filled with a section of pipe of the appropriate size or some other means used 
to support the bolt and to prevent it from bending when the shearing load is 
applied. 

The tests reported in this paper were made soon after the anchor units were 
placed in the concrete. As with most other engineering materials, it would be 
reasonable to assume that the load which can be safely carried or the load at 
failure is reduced when the load is applied for a long time. Also it is believed 
that the loads which these anchor units could safely carry might be consid- 
erably reduced due to vibrating loads from moving machinery. The effect 
of long-time and vibrating loads was not investigated. 

While the results in this paper apply only to the type of anchoring devices 
used in these tests, some of the principles, however, apply to other types. 


CONCLUSIONS 


These tests show that workmanship is of prime importance to secure the 
maximum benefit in using bolt anchors to anchor fixtures or machinery to 
concrete. The anchors should be adequately set in a well cleaned hole cut 
with a drill which leaves a rough surface on the concrete. The clearance 
between the hole and the units should be as small as practical. The hole 
should be of sufficient depth and not be near the edge or corner of the con- 
crete. It is suggested that the depth of the hole in which the anchors are 
embedded should be approximately four times the diameter of the hole, and 
the distance of the hole from an edge or corner of the concrete should be two 
or three times the depth of the hole, if possible. With concrete of average 
strength, two anchor units should be used for bolt anchors less than %4 in. 
in size. Three units should be used for bolt anchors which are 34 in. or larger. 
If the anchorage is to be in shear, the annular space between the concrete 
and the bolt should be filled with a rigid material to prevent bending the bolt. 

If the above precautions are followed, it is believed that bolt anchors will 
safely support design loads, based on the bolt, when placed in concrete of 
average strength. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourRNAL pages. 
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Tests of Anchors for Mass-Concrete Forms 
By THOMAS B. KENNEDY and WALTER O. CRAWLEY 


SYNOPSIS 


The tests covered in this paper were intended to determine the holding 
strength of several designs of anchors for securing cantilever forms to mass 
concrete surfaces. The investigation consisted of the fabrication of four 
blocks of low-strength, 6-in. aggregate concrete in which a total of 48 anchors 
were embedded and tested at ages ranging from 24 to 72 hr. The results in- 
dicate that, under the test conditions used, adequate holding strength was de- 
veloped in practically every case by the time the concrete was 3 days old 


INTRODUCTION 


One of the limiting factors in early reuse of cantilever forms for mass con- 
crete in large dams is the holding strength of the form anchors in the concrete 
of low cement factor used in such structures. The purpose of the investigation 
described herein was to obtain information on the holding strength of a 
variety of form anchors. 


MATERIALS AND SPECIMENS 
Anchors 
The anchors and bolts were furnished by two companies. The laboratory 
designation and description of the anchors and the three test series in which 
they were used are shown below: 


Designation Anchor Bolt size Test series 
R-1 Ty-anchor 14% in. x 17% in l 
R-2 Whirl-wind anchor 1% in. x 17% in 1-2 
R-3 Ty-anchor 1% in. x 24 in } 
R-4 Whirl-wind anchor 1% in. x 19% in 2 
8-1 Special coil tie 1% in. x 15% in l 
S-la Special coil tie 1% in. x 27% in 2 
8-2 Flared-coil loop 1% in. x 15% in l 
S-2a Flared-coil loop 1% in. x 30 in 2 
&-3 4-unit-angle anchor 1% in. x 28 in 3 
S-4 Strut-coil rod anchor 14% in. x 23% in 3 


Details of the anchors are shown in Fig. 1. 


Concrete 
The concrete in all three test series contained Type II cement, crushed 
limestone sand, and coarse aggregate graded up to 6 in. Aggregates were 


*Received by the Institute Mar. 15, 1954. Title No. 52-11 is a part of copyrighted JourNaL or THe AMERICAN 
Concrete Institute, V. 27, No. 2, Oct. 1955, Proceedings V. 52. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Feb. 1, 1956. Address 18263 W. MecNichols 
Rd., Detroit 19, Mich. 
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graded within the limits of the Corps of Engineers “Standard Guide Specifi- 
eations for Concrete for Civil Works.’”’ The nominal cement factor was 2.5 
bags per cu yd, sand factor 25 percent by volume of total aggregate, water- 
cement ratio approximately 0.8 by weight, slump approximately 2) in., 
and air content 5 to 7 percent in that portion of the mixture passing the 1 )6-in. 
sieve. 

The concrete used in series 1 was mixed and placed in the laboratory using 
a laboratory rocking-tilting 10-S mixer. The concrete in series 2 and 3 was 
batched and mixed in the Waterways Experiment Station 2-cu yd concrete 
plant and the test blocks were cast out of doors. 

Compression test cylinders were made of concrete wet sieved through the 
3-in. sieve for each series. The cylinders were covered with damp burlap and 
allowed to remain in their molds alongside the test blocks until the time at 
which the anchors were tested. Test ages given are within + 2 hr. 


Average compressive strength of the cylinders follows: 


Compressive strength, psi 


Test age, hr Series | Series 2 Series 3 
24 115* 150* 
$] 765* 
tS 300* 
72 140* 11507 


*Average of six tests on 8 x 16-in. cylinders 
tAverage of four tests on 10 x 20-in. cylinders 


Test blocks 

The size of the blocks containing the anchors varied. In series 1 two 
prisms, each 2 ft wide by 10 ft long by 2 ft high, were made. In series 2 
one block 20 ft long by 10 ft wide by 5 ft high was made, and in series 3 one 
block 15 ft long by 10 ft wide by 5 ft high was made. 

All anchors were set a clear distance of 214 in. from the inside vertical 
form faces with minimum spacing 4 ft between anchors. All anchors were 
set 6 in. below the top or 6 in. above the bottom of the test blocks. This 
setting provided the minimum practicable coverage and depth of embedment 
and resulted in a severe test condition for the anchors. The anchor bolts 
protruded 12 in. from the surface of the concrete at time of test. 


TESTS 


The anchors were stressed by means of an H-beam and jack device shown 
schematically in Fig. 2. Slip and elongation of the anchors, as evidenced 
by movement of the head of the anchor bolt, was measured to 0.0001 in. 
with a dial gage separately mounted from the pulling rig. Failure was judged 
to have occurred when the concrete cracked or a movement of 1/16 (0.0625) 
in. was observed on the gage. 
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Fig. 2—Schematic plan view of device to test form anchors 


The loads to which form anchors are subjected, because of the weight of 
the form and tightening of bolts, are indeterminate. In series 1 an allowance 
of 10,000 lb and in series 2 and 3 an allowance of 8000 lb was made for these 
loads. It is believed that the 8000-lb figure for these loads is probably ample 
as a zero load from which to start measurement of movement for all but the 
most unusual conditions. 

In series 1, zero reading was taken at 10,000-lb pull and movement of the 
bolt was observed at each additional 10,000-lb increment of load. The dis- 
tance between bolt and jack was progressively shortened from 24 to 19 to 11 
in. to reduce the bending moment in the block caused by loading the anchors. 

In series 2 and 3, zero reading was taken at 8000-lb pull and movement 
of the bolt was observed at each additional 2000-lb increment of load. In 
series 2 and 3 the distance between bolt and jack was 24 in. in every case. 





TEST RESULTS 


The size and type of anchor and the test results are given in Tables 1, 2, 
and 3 for series 1, 2, and 3, respectively. 


Series 1 


The depth of section of the blocks in which the anchors were tested in 
this series was insufficient to prevent failure of the blocks because of bending, 
when the anchors were pulled, except for the flared-coil loops, even with the 
test span reduced to 11 in. The flared-coil loops all failed by excess move- 
ment. 
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TABLE 1—LOAD AND MOVEMENT OF ANCHORS, SERIES 1* 


Movement of anchor, in. * 10+ 
Anchors 6 in. from top Anchors 6 in. from bottom 
Total load Ty- Whirl- Special Flared- Ty- Whirl Special Flared 
lb X 104 anchor wind coil tie coil loop anchor wind coil ti coil loop 
R-1 16 R-2 1 S-1 14 S-2 3 R-1 2 R-2 15 S-1 4¢ 8-2 13 


24 + 2 hr tests, compressive strength 415 psi 


10 0 0 0 0 0 0 0 0 
14 . 

20 43 205 0 212 122 151 110 
30 124 305 34 12 3004 3834 340 
38 957 

10 t446 530 94¢ 830" 
42 , 


41 + 2 hr tests, compressive strength 765 psi 


R-1 6 R-2 9 5-18 S-2 11 R-1 10 R-2 5 S-1 12 8-27 
10 0 0 0 0 0 0 0 0 
20 78 47 77 47 12 80 90 90 
23 ' | 1170 +« 
30 200 219 1132-4 210 325 242 
40 412 } | 559 360 605 1095 +« 
18 1095 + 
52 960¢ 
54 902 +* 


*Bolts 144 in. in diameter; span between jack and bolt 11 in., except as noted 
a Block failed in flexure. 
b Span between jack and bolt 19 in. 
Failure through excess movement of anchor. 
d Span between jack and bolt 24 in. 
e Failure through excess movement due to failure of weld in anchor. 


Series 2 

Tests at 24 hr—Four anchors near the top and four near the bottom were 
tested at 24-hr. One anchor took a 1 15-in. bolt, the others took 1! 1-1n. bolts. 

The concrete holding two of the top anchors cracked before 8000 lb, the 
starting point for measurement of slip, had been applied. The concrete hold- 
ing the two other top anchors cracked at loads of 10,000 and 14,000 Ib. Move- 
ment of 1/16 in. did not occur in either case. 

The strength of the concrete around the bottom anchors was somewhat 
higher than around the top anchors and their behavior was better. Move- 
ment of 1/16 in. occurred at approximately 27,000, 30,000, and 30,000 Ib 
for two whirl-winds and a special coil tie anchor. The second whirl-wind 
took a 1)%-in. bolt. Movement of 1/16 in. occurred at a pull of approxi- 
mately 15,000 lb on the special flared-coil loop anchor. Cracking was ob- 
served at 28,000 lb around one whirl-wind anchor bolt and at 36,000 lb around 
the special coil tie anchor bolt. 

Tests at 48 hr—Six anchors near the top and four near the bottom were 
tested at 48 hr. Nine took 114-in. bolts and one a 11%-in. bolt. 

All the top anchors failed by movement or cracking at loads ranging from 
12,000 to 28,000 Ib. 

The performance of the bottom-positioned anchors was better than that 
of the top positioned. One anchor withstood a pull exceeding 40,000 Ib 


and one a pull of 32,000 lb before allowing a movement of 1/16 in. Cracking 
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TABLE 2—LOAD AND MOVEMENT OF ANCHORS, SERIES 2 


Movement of anchor, in. X 


Anchors 6 in. from top 


104 


Anchors 6 in. from bottom 


Whirl- 
wind 


Whirl- 
wind 
1 lo in.) 


Special 
coil tie 


Specia 
flared 
coil loc ry 


Total Whirl- Special | 
load, Ty- Whirl- wind Special | Special _ flared- Ty- 
lb X10 | anchor | wind 1% in. coil tie | coil tie | coil loop | anchor 
24 + 2 hr age 
Compressive strength: 145 ps: ( 
R-1 10 | R-2 12 R-4 S-la l S-la S-2a 11 R-1 
Ss * 0 0 * 
10 1447 l 
12 294 6 
14 80+ 
16 201 
is 
20 
24 
26 
28 
30 
32 
34 
36 
38 
48 + 2 hr age 
Compressive strength: 300 psi 
R-16 | R-28 R-4 2 S-la 5 S-la 9 S-2a 7 R-1 23 
Ss 0 0 0 0 0 0 0 
10 23 Ss 10 110 26 51 10 
12 807 32 433 2997 79 179 30 
14 61 6287 482 115 342 51 
16 116 170 4167 74 
18 185T 203 705 101 
20 395 267 135 
2 313 165 
24 372 195 
26 420 2) 
28 i744 260 
30 526 208 
32 343 
34 400 
36 448 
38 508 
40 590 
42 690 
Vt 8087 
72 + 2 hr age 
Compressive strength: 430 psi 
R-4 4 S-2a 3 R-1 15 
8 0 0 0 
10 2 26 25 
12 22 139 32 
14 50 269 50 
16 109 4707 76 
18 147 96 
20 219 129 
22 27 153 
24 347 181 
26 4604 217 
28 467 257 
30 284 
32 358 
34 417 
36 495 
38 587+ 
Note: Bolts for anchors were all 114-in. diameter unless otherwise noted 


*Concrete cracked before load of 8000 lb was applied. 
tConcrete cracked. 


Sompressi ve strength: 160 psi 
R-2 17 | R-419 | S-la 20) S-2a 18 
0 0 0 0 
l 33 15 
12 69 46 263 
57 134 83 536 
100 168 90 779 
162 203 143 O44 
208 237 197 
325 339 296 
$27 $12 367 
585 185 166 
715 545T 548 
693 651 
757 
872 
962t 
1117 
Compressive strength: 360 psi 
R-2 21 S-la 24 | S-2a 22 
0 0 0 
16 12 32 
37 33 94 
57 74 153 
89 121 245 
116 174 325 
263 238 453 
295 302 657 
353 - 354 854 
100 $14 9197 
127 456 
518 
584 
684t 
Compressive strength: 460 psi 
R-2 13 S-la 16 | S-2a 14 
0 0 0 
2 2 12 
11 18 25 
$6 39 38 
76 92 5Y 
107 141 96 
170 192 176 
222 237 286 
296 288 101 
366 346 528 
443 392 7631 
492 S84 
606 595 
697T 704t 
852 
1053 
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TABLE 3—LOAD AND MOVEMENT OF ANCHORS, SERIES 3* 


Movement of anchor, in. XK 10+ 


Ty- Ty- Whirl- Whirl- t-unit t-unit Strut Strut 
Total load anchor anchor wind wind angle angle coil rod coil rod 
lb X 10- (1% in.) 1% in.) (1% in. anchor anchor anchor anchor 
R-3 1 R-3 5 R-4 2 R-4 7 S-3 3 8-3 8 S-4 4 S-4 6 

8 0 0 0 0 0 0 0 0 

10 l 19 27 10 23 19 1 l 

12 16 35 59 26 49 35 2 3 

14 25 57 83 4} 75 53 16 17 

16 39 76 101 62 104 73 31 24 

i8 56 98 123 81 125 94 46} 17 

20 73 118 139 102 150 121 62 60 

22 102 143 166 123 174 146 86 79 

24 117 170 194 144 200 172 105 98 

26 143 198 224 168 228 206 140 118 

28 163 230 265 187 253 232 166 148 

30 188 2607 306 210 283 270 01 162 

$2 213 286 347 233 $11 294 231 186 

$4 238 315 383 252tT $32 320 261 206 

36 262 $41 27 276 371 350 2957 231 

38 298 376 i844 300 391 79 341 259 

410 3451 401 47 328 4107 411 Rt 2881 

42 394 128 622 354 440 4367 317 

44 432 168 677 371 tO4 174 348 

16 14 498 388 444 909 378 

18 548 539 418 525 540 417 

50 606 570 456 559 567 455 

52 607 538 109 

Note Bolts for anchors were all 144-in. diameter unless otherwise noted. 


79 


*Age 72 = 2 hr; compressive strength, 1150 psi. 
+Concrete cracked. 


was observed around the bolt for another anchor at a load of 28,000 lb with 
a movement of 0.0492 in. The remaining anchor bolt (special flared-coil 
loop anchor) moved more than 1/16 in. at somewhat less than 22,000 lb. 

Tests at 72 hr—Two anchors near the top and four near the bottom were 
tested at 72 hr. All required 11!4-in. diameter bolts. 

The concrete surrounding one top anchor bolt cracked at 26,000 and the 
other at 16,000 lb. Cracking occurred in both cases before a movement 
of 1/16 in. was experienced. 

A movement of 1/16 in. occurred for two of the bottom anchors at approxi- 
mately 32,000 lb. Another anchor withstood a pull of 38,000 lb, when the 
concrete was observed to be cracked, without moving 1/16 in. The remaining 
anchor, a special flared-coil loop, showed 1/16 in. movement at a pull of 
approximately 26,000 lb. 

Series 3 

Eight anchors were tested in this series, all at 72 hr, and all positioned 6 
in. from the top edge of the block. Four anchors require’ 114-in. bolts and 
four had 1!-in. diameter bolts. 

Cracking of the concrete around the anchors was observed generally to 
begin at a load on the bolt of approximately 30,000 lb. Movement at 28,000 
lb, the observed load immediately before cracking was noticed, was quite 
low for all the anchors tested and ranged from 0.0138 to 0.0265 in. At 40,000 
lb, the highest load at which movement for all anchors can be compared, the 
movement ranged from 0.0288 to 0.0547, all less than 1/16 in. The least 
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amount of movement per unit load was experienced with the special coil 
tie anchor, however the movement was quite small for all anchors tested. 


DISCUSSION 
Cracking 

An examination of the data shows that cracking was observed in most 
cases before a movement of 1/16 in. was measured. The cracking occurred 
on the surfaces of the concrete normal to the axis of the anchor and bolt and 
outlined an area of spalling varying in radius from 9 to 42 in. on each side 
of the bolt but extending to a lesser extent below the bolt. Typical cracking 
of this type is shown in Fig. 3. The cracking associated with spalling extended 
to a relatively shallow depth varying from approximately 6 to 8% in., as 
nearly as could be observed, and appeared to originate from movement due 
to elongation of the bolt or fore part of the anchor, or both, under load rather 
than to slip of the anchor. Another type of crack was observed in one case 
on the top surface of the test block. A single crack was observed parallel to 
the axis of the bolt and anchor which extended away from the face of the 
block to the full length of the anchor. This crack may have been caused by 
wedging action of the anchor as it moved under load. 

The cracking when first noticed was slight and very fine. Anchors were 
pulled excessively after the cracks appeared to develop the extent and pattern 
of the cracking. Such cracking would probably never be experienced in actual 
practice except in case of a severe form failure. 


Load on anchors in prototype 

It is practically impossible to predict the load that will be put on an anchor 
in actual use, but assuming an extreme condition of 5-ft hydraulic head of 
concrete weighing 150 lb per cu ft, with form supports on 6-ft centers, anchor 
bolts 6 in. below the lift surface, and the stiffleg end of the form support ex- 
tending 4 ft below the bolt head; then a load of approximately 17,000 lb might 
be exerted against the anchor by the concrete. This load plus possibly 8000 
lb for impact of bucket against forms or other accidental loading, would in- 
dicate the safe capacity for an anchor might be 25,000 lb. 





Fig. 3—Typical spalling caused by overloading a form anchor 
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The data obtained in series 1 are limited in value because of the insufficient 
section of the test blocks. 

Examination of the data for series 2, Table 2, showed that no top-positioned 
anchors withstood a pull of 25,000 lb at 24 hr, but three of the four bottom- 
positioned anchors did. At 48 hr one of six top-positioned and all three of 
the bottom-positioned anchors resisted a pull of 25,000 lb. At 72 hr one of 
the two top-positioned and all four bottom-positioned anchors withstood a 
pull of 25,000 Ib. 


In series 3 all the anchors successfully withstood a pull exceeding 25,000 lb. 


Effect of diameter of anchors 

The effect of increased diameter of anchor and bolt was not determined 
because the strength of the concrete at the early ages at which the anchors 
were tested was so low that failure almost invariably occurred in the con- 
crete. The yield point of the steel of even the 114-in. diameter anchor bolts 
and objectionable movement of the anchors was not reached before the con- 
crete failed. 


CONCLUSIONS 


Based on the tests reported herein all the anchors except the two flared- 
coil loop designs caused cracking in the concrete before sufficient movement 
was observed to be classed as failure of anchor. The flared-coil loops per- 
mitted slippage which might be objectionable in some circumstances. 

The low-cement-factor mass concrete used in these tests developed sufficient 
strength by the time it was 3 days old to permit safe use of the anchors. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNAt. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 






























Title No. 52-12 


Live Load and Temperature Moments in Shells of 
Rotation Built into Cylinders® 


By MARIO G. SALVADORI+ 


SYNOPSIS 


Tabular data are given for the maximum bending moments due to vertical 
loads and temperature variations in shells of revolution of a large variety of 
shapes. When shells are elastically built-in into cylinders of the same radius 
it is shown that the maximum values of the bending moments in the shell and 
in the cylinder are functions of the ratio of thickness of shell to thickness of 
cylinder, and can be taken directly from the tabular data without computa- 
tions 


INTRODUCTION 


Thin shells of reinforced concrete in the shape of surfaces of revolution 
have been widely popular in the United States for some time and are becoming 
standard structural elements in a variety of applications. 

It is well known that the stresses due to dead and live loads are easily 
determined in such shells under the assumption that the shel] can only develop 
direct stresses (tension and compression), 7.e., that nowhere in the shell can 
bending moments be developed. These ‘“‘membrane stresses’ are statically 
determinate and can be found in standard books on shells as well as in the 
publications of the Portland Cement Assn.' for the most commonly used 
surfaces (spherical, conoidal, and elliptical domes). 

But, as pointed out in the PCA publication,' “these formulas apply only 
at points of domes which are removed some distance from the discontinuous 
edges. At the edges the results from the (given) formulas may be indicative 
but they are not accurate.””. This lack of accuracy is due to the fact that in 
the neighborhood of the edge, conditions of continuity with the support make 
the shell statically indeterminate and introduce in it bending stresses. 

If the shell is thin, 7.e., if its ratio of thickness to radius is very small (1/50 
or less), the bending stresses only affect a small region in the neighborhood 
of the edge and can be evaluated without difficulty. 

It is the purpose of this paper to give tabular data for the maximum bending 
moments due to vertical live loads and temperature variations in shells of 
revolution of a large variety of shapes (including spherical, conoidal, and 
elliptical domes) when the shells are elastically built-in into cylinders of the 
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Fig. 1—Dome of revolution under vertical load 

















same radius, as is the case, for example, in vertical tanks. It will be seen 
that under certain conditions, widely satisfied in practice, the maximum value 
of the bending moment in the shell and in the cylinder is only a function of 
the ratio of thickness of shell to thickness of cylinder, and that they can be 
taken directly from the tabular information without any need of computa- 
tions on the part of the designer. 

The same results can be applied to domes elastically restrained by other 
types of edge members. 


EDGE DISPLACEMENTS DUE TO VERTICAL LOADS 


Consider a shell of revolution generated by the rotation of a meridian 
curve y(x) around the y-axis (Fig. 1) and assume that: 

(1) The shell is vertical at the edge (y = 0). 

(2) The meridian curve is symmetrical about the equator. * 

(3) The shell thickness is practically constant near the edge. 

Let the shell be loaded by a distributed load p per unit of horizontal pro- 
jection, whose intensity varies with the law: 

p(x) = pof(x)..... SL eI Pe Pee igs or.) 


where x is the radius of the parallel of the shell of height y (Fig. 1) and py 
is the value of the load at the equator or, in certain cases (see Fig. 2), at the 
top of the shell. 

The writer has proved elsewhere? that under conditions 1, 2, and 3 and 
assuming membrane conditions: (a) the edge of the shell does not rotate; 
(b) the radial displacement of the edge of the shell is independent of the me- 
ridian shape; and (c) the displacement (positive outward) is given by: 


poa® fa 
6 = 44 — _ S, . e< ° ° ° ° 2) 
? Eh, (“.) : ; 


*More generally, that the derivative of the radius of curvature r of the meridian with respect to y equals zero at 
the equator. 
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SHELLS OF ROTATION BUILT INTO CYLINDERS 


where: 
a = equator radius 
ro = radius of curvature of meridian at equator 
h, = shell thickness at equator 
E = Young’s modulus 


Poisson’s ratio u is assumed equal to zero (as customary in concrete shell 
design), and 


2 a 
S, = f f(x) x dz (3) 
a’ 0 


is the static moment of the load about the axis of rotation, in nondimensional 
form. * 

Fig. 2 gives the values of S, for some of the most commonly encountered 
load distributions. For a load distribution not representable by a simple 
formula, S, may be evaluated numerically by means of the approximate 
summation formula: 














*S, is related to the total load R on the dome by the expression R Sppora?. 
P*=Po 
a |e Rel 
ae 
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Ly L” pip [1-(x/ab] 
“2 x/a -4 
(b) “6: \g 5p °2/3 t) * ae Sp =i/2 


Qa | h~¥—_—_ q ——__+ 
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P=p,(/- x/a) 
(c) Silt Sp = 1/3 (9) pn or A i Sp 2 2/F 
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Fig. 2—Nondimensional static moment of distributed vertical load 
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Fig. 3—Numerical evaluation of S, 


Sp = oa 5 pexyx; Ax 
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ae BK, 











9 m 
Ss, = 2 prix Ax (4) 
pod? j=} 
as shown in Fig. 3. (S, should include the weight of lantern structures, if 
any appear at the top of the dome.) 


The value of the radius of curvature ry (see Fig. 4) is: 


a for spherical shells (5a) 
r( >a) for conoidal shells (5b) 
b?/a for ellipical shells of rise b (5e 


For meridian shapes not representable by a simple formula the radius of 
curvature may be approximated by: 
(Ay)? 
rm = 4 (6) 
(a — 21) 


where Ay and x; are given in Fig. 4 and Ay must be small compared to b. 
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Fig. 4—Radius of curvatures r, for various types of domes 


















SHELLS OF ROTATION BUILT INTO CYLINDERS 


EDGE DISPLACEMENTS DUE TO MOMENTS AND SHEARS 


If a uniform distribution of bending moments .V» per unit of length (in.- 


lb per in.) and of shears Q» per unit of length (lb per in.) is applied at the 
edge of a shell of revolution (Fig. 5), the edge will have a radial displacement 
w, (positive inward) and a rotation @, given by:* 


] 
u.=- (BsMy — Qo) cz 
28,'D, 4 
l 
= (2 B.Mo - Q ) (S 
28.°D; 
where 
8, = 13 /Wah, ; D, = Eh,*/12 (9) 


In Eq. (7), (8), and (9) 
Poisson’s ratio is taken 
equal to zero and the ratio 
h,/a is assumed to be small 
enough for displacements, 
rotations, and stresses in 
the shell to be well approx- 
imated by the same quan- 
tities in a cylinder of con- 
stant thickness h, tangent 
to the shell at the equator. 
This approximation is sat- 





isfactory for shells whose M, Mp 
ratio A,/a is less than 1/50 h Cylinder 

and whose thickness near - | 

the edge does not change 

abruptly. Fig. 5—Boundary moments and shears 


CONTINUITY BETWEEN SHELL AND CYLINDER 


If the shell is elastically built-in into a cylinder of radius a and thickness 
h., an equal and opposite distribution of moments WM,» and shears Q» will be 
applied to the edge of the cylinder (Fig. 5), which will therefore have a radial 
displacement and a rotation given by: 


I 
We = — (8-My + Qo) (10 
28.°D ’ 


] 
6. = (28.Mo + Qo) (11 
28.2D é 


where 8. and D, have the same meaning as in Eq. (9) with h, in place of hy. 


Continuity requires that under the action of the load p on the shell, and of 
the moments M, and the shears Qo, the edge of the shell and the edge of 


*See, for example, reference 3 p. 393 and p. 469. 
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Fig. 6—Moment variation in shell and 
cylinder 











the cylinder have no relative radial displacement and no relative rotation, 
t.e., that: 

W—-w=6 ; 6+6=0.%.... 7 Aes tte otek re ft 
Hence, by Eq. (7) and (10): 

1 1 
= —— BM; = ¢ 0) a are gs 8.M ¢ 0) = 6 eee escesin nt dees 13 
28D, | ) #) -+- 28.*D. (f ot+ q) ) ( ) 

and by Eq. (8) and (11): 


| 
a 28,.M; — ¢ 0 tee re 2 AV ( ¢ { = oe es . o© se 14 
28.°D. ° B ) wo) + 282D.* B-Mo + Qo) 0 (14) 
Letting 
pm A/A,...... So a eye ne prey «dy 415) 


Eq. (13) and (14) may be rewritten as: 
(1 — r?) BsMy — (1 + r3/2) Qo = — 28,3D, 5. ame (16a) 
21 + ré/*) B.Mo — (1 — r7)Qo =0.......... rs see eeee . .(16b) 


The roots My and Q» of these equations are by Eq. (2): 


a 
Mo = mo pot h, ( sy. ind aE a ere ase ena PRE ere 46:3 5 
ro 
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h, [ a A ” 
Qo = qo poa \ - “i Sp (17b) 


where 


l (l-—r 
mp = (18a) 
4V3 (1 + r*)? + 2r?/? (1 +71) 
1 (1 + r**?) 
q = - F (18b) 


2% a(1 + r*)? + 2 r*/2(1 +1) 
MAXIMUM MOMENT IN SHELL 


The bending moment M, per unit length in the shell a distance x from the 
edge along the meridian (Fig. 6) is given by:* 


M, (x) = Mo o (Bx) — -Qo f (8.2) .. (19) 


l 
Bs 
where the functions ¢ and ¢ are tabulated in reference 3, p. 394. MM, may be 
shown to have a maximum value at a distance x, defined by the equation: 
tan 8, 7, = # ee (20) 
go — 2V3 mo 
where mo and q» are given by Eq. (18a) and (18b).t 
The greatest value of M, is, therefore, the greater of the two values My) and 
M, (2.). 
In Table 1 the values of 
m, = Ms [ poa h, (a/ro)Sp], go = Qo [po av h,/a(a/ro) S, 
and of: 
m, = M, (22) [ poah, (a/ro S,] 
*See, for example, reference 3, p. 393. 


tlt is assumed that §.z, is small compared to the length of the meridian. This is always the case for thin shells 


TABLE 1—FACTORS FOR EVALUATING BOUNDARY MOMENTS 
IN SHELLS OF ROTATION 


he/h qo Bs zs M, Mo M Bex 
0.0 0.3799 1.5708 —0.0300 0.1443 0.7854 
0.1 0.3498 1.5577 0.0280 0.1311 0.3614 0.6512 
0.2 0. 2983 1.5140 —0.0250 0.1069 | 0. 2387 0.6130 
0.3 0.2468 1.4388 0.0224 0.0813 0.1681 0.5958 
0.4 0. 2037 1.3379 —0.0209 0.0590 0.1209 0.5934 
0.5 0.1704 1.2229 0.0203 0.0413 0.0882 0.6035 
0.6 0.1456 1.1075 —0.0204 0.0277 0.0654 0.6245 
0.7 0.1272 1.0027 0.0210 0.0175 0.0493 0.6547 
0.8 0.1135 0.9140 —0.0218 0.0099 0.0377 0.6928 
0.9 0.1030 0.8421 —0 0226 0.0042 0.02904 0.7370 
1.0 0.0950 0.7854 —0.0233 0 0.0233 0.7854 
Sve 0.0886 0.7412 0.0238 0.0031 0.0187 0.8364 
1.2 0.0834 0.7069 —0.0241 0.0054 0.0153 0. 8882 
1.3 0.0791 0.6803 0.0242 0.0071 0.0128 0.9394 
1.4 0.0755 0.6597 —0.0242 0.0083 0.0108 0.9890 
1.5 0.0723 0.6437 0.0240 0.0091 0.0092 1.0360 
1.6 0.0694 0.6312 —0 0238 —0 .0097 0.0080 1 .O800 
1.7 0.0668 0.6215 —0.0234 0.0101 0.0071 1.1207 
- 
1.8 0.0645 0.6139 -0 0230 0.0103 0.0063 1580 
1.9 0.0623 0.6081 0.0226 0.0103 0.0056 1920 
: 2.0 0.0603 0.6035 —0 .0221 —0.0103 0.0051 2229 


10.0 0.0111 0.6512 —0 .0036 0.0013 0.0003 


l 
l 
“ l 
5.0 0.0267 0.6130 —0.0095 0.0043 0.0010 1.5140 
15 
0 0.7854 0 0 0 l 


October 1955 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


L 91991 4! DyDP yo Woy joI214ydDIQ—/ “iy 








Ih 1 1S0/——— oS 1 


1 20) 











ob Sw 





- 


| | | 
| 


+ + + + + + 


ie a 


su. 


> 


eS 


> —___f 


> 2 aa 


$+} 


| O 


ee 























SHELLS OF ROTATION BUILT INTO CYLINDERS 157 
are given as a function of the ratio r of shell to cylinder thickness together 
with the location 6.x, of M,(z,). It is seen that My > M,(2,) 


> (in absolute 
value) for r < 0.7, while M,(z,) > M 


(in absolute value) for r 2 0.7. 
It shall be noted that r = 0 indicates the case of a shell perfectly built-in 
at the edge. 


MAXIMUM MOMENT IN CYLINDER 


The bending moment M, per unit length in the cylinder a distance x from 
the edge is given by: 


l 
VU.(r) = Mo ¢ (8.x) 4+ , @ € (Br) 


Its maximum value occurs at a distance x, defined by the equation: 

q 

tan Bate = 
gQot2V3vrm 

where my and q) are given by Eq. (18a) and (18b).* 


The greatest value of M 
is the greater of the two values WM») and M.(z,). 


Table 1 gives the values of 


me = MAx-)/[poah. (a/ro) S,] (24 
and of its location 6.2. as a function of the ratio r. It is seen that My, > 


M.(x.), in absolute value, for r > 1.5. 


Additional values of M,(2,) or M,(x.) may be obtained from Table 1 by 
noting that M.(z,) at r equals — (1/r*) M,(2,) at L/r. 


MOMENTS AND SHEARS DUE TO TEMPERATURE 


Table 1 can also be used to evaluate moments and shears due to certain 
types of thermal stresses. If the shell has a coefficient of thermal expansion 
a and a temperature differential of T deg F with respect to the cylinder, its 
equatorial radius will differ from the cylinder radius by: 

br =aTa (25 
Hence the corresponding moments and shears may be easily computed by 
multiplying the moments due to p by the ratio 67/6, where 6 is given by Eq 
(2). Thus the moments and shears due to temperature are given by: 

My = 2moaT Eh? 


(26a 
h, 
(26b 
Ni 
= 2m, aT Eh,? 
2m. a T Eh,? 


24 a T’ Eh, 


(26¢ 


( 26d 
EXAMPLE 


To illustrate the use of Table 1 


, consider an elliptical shell of rotation with 
the following characteristics: 


a = 30 ft;b = 10 ft;h, 3in. = 0.25 ft; r b? a 2/30 10/3 tt 
*It is assumed that 8-2- is small compared to the cylinder length 


This is always the case for thin cylinders 








158 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE October 195: 


loaded with a constant load (incorporating the dead load) po = 50 psf and a 
snow load increasing linearly from zero at the top to po’ = 30 psf at the equator. 
The shell is built-in into a cylinder of radius 30 ft and thickness h, = 3 in. = 
().25 ft. 

In this case, the static moment of the load is the sum of the static moments 
in cases (a) and (b) of Fig. 2, which reduced to a common py of 50 psf is: 

30 

spn + Spo’ = 1 + (3/5) (2/3) = 1.4 (a) 
: 50 


while the ratio r equals 1. Hence, from Table 1: 


Mo = 0o 
M(x.) = — 0.0232 poa hs (a/ro) Sp 
30 
= — 0.0232 x 50 X 30 X 0.25 x soa * 1.4 
= — 110 ft-lb per ft = — 110 in-lb per in. .. .(b) 
MA(a-) = — M.(x,) = 110 in.-lb per in. 
It is seen from Table 1 that these maximum moments occur at Bx = 0.7854 


(= 2/4) or, since: 

Be = Be = 43/Vah, = 43/30 X 0.25 = 0.48 
at a distance from the edge: 

0.7854 . 

r= 048 = 1.64 ft. 
The maximum moment in the shell induces tension in the outer fibers and com- 
pression in the inner fibers. The maximum moment in the cylinder induces 
tension in the inner fibers and compression in the outer fibers. 


CONCLUSIONS 


The simplicity of the results obtained allow the checking of shell design 
for boundary moments (the most dangerous condition in most practical cases) 
without any difficulty and in a routine manner. It should, therefore, broaden 
the application of concrete domes, at the same time making their design 
safer. 
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Title No. 52-13 


Long-Time Study of Cement Performance 
in Concrete* 


Chapter 9—Correlation of the Results of Laboratory Tests 
with Field Performance Under Natural Freezing 
and Thawing Conditions 


By F. H. JACKSON 


SYNOPSIS 


Summarizes and evaluates the results of laboratory tests spanning 14 years 
of the Long-Time Study cements and concretes containing them and field 
tests up to 12 years of concretes containing the same cements. Many of the 
field installations, although subject to severe exposure, have not weathered 
sufficiently to allow comparisons. Of the three permitting appraisal the only 
positive conclusion that can be drawn now is the superior performance of air- 
entraining cements. 

Laboratory freezing and thawing tests of concrete correlate well with field 
performance in showing the markedly improved durability of air-entrained 
concretes. Tests at two laboratories and at two of the field installations give 
some indications, clouded by many inconsistencies, that Type IV cement con- 
cretes are somewhat more frost resistant than concretes made of other types 
of cement. However, this trend is not indicated by other investigations which 
show quite conclusively that damage by freezing and thawing is a physical 
matter and is not influenced by the chemical composition of the cement. An 
over-all appraisal of the results of the Long-Time Study tests to date indicates 
that, of the many physical tests made of the LTS cements, only the test for air 
content is of any value in indicating relative resistance to freezing and thawing 


FOREWORD 


One of the major objectives of the ‘““Long-Time Study of Cement Perform- 
ance in Concrete” was to determine the significance, in terms of field per- 
formance, of the numerous laboratory tests that have been developed from 
time to time in an effort to define desirable characteristics of portland cement 
for both general and specific uses. Such tests include, in addition to the 
generaily used ASTM tests for fineness, strength, soundness, etc., many 
tests designed to measure other specific properties of cements such as bleeding 
characteristics, tendency to premature stiffening, cracking tendency, heat 
of hydration, resistance to freezing and thawing and to sulfate attack, and 


*Presented at the ACI 51st annual convention, Milwaukee, Wis., February 22, 1955. Title No. 52-13 is a part 
of copyrighted JournNnaL or THE AMERICAN Concrete INstitTUTR, V. 27, No. 2, Oct. 1955, Proceedings V. 52 


Separate prints are available at 75 cents each. Discussion (copies in triplicate) should reach the Institute not 
later than Feb. 1, 1956. Address 18263 W. MeNichols Rd., Detroit 19, Mich 

tMember American Concrete Institute, Consulting Engineer, Washington, D. C., Member of Advisory Com 
mittee for the Long-Time Study. 
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others. They include also several tests such as the Merriman “sugar’’ test, 
the Paul clinker autoclave test, and the Paul ‘‘floc’”’ test that were developed 
specifically for the purpose of detecting underburned clinker. Many of 
these tests have been incorporated in purchase specifications for cement, a 
fact that makes the question of their significance a matter of practical as 
well as academic importance. In this chapter it is proposed to discuss the 
available laboratory data on the LTS (Long-Time Study) cements with a 
view to correlating the results with the field performance of these same cements 
in concrete that has been exposed to natural weathering for about 12 years. 


COOPERATING LABORATORIES 


The Advisory Committee for the Long-Time Study early recognized the 
importance of the laboratory phase of the investigation. To that end it 
encouraged participation by other laboratories in addition to those of the 
Portland Cement Assn. As a result, there are now available for study data 
obtained by three additional laboratories: the U. 8S. Bureau of Reclamation, 
Denver, Colo., the U. S. Bureau of Public Roads, Washington, D. C., and 
the New York State Department of Public Works, Albany, N. Y.* The 
original laboratory work on the LTS cements was done at the PCA research 
laboratories in 1941. These tests included complete chemical and physical 
tests as required by ASTM specifications, heat of hydration studies, tests for 
sulfate resistance, alkali-aggregate reactivity, expansion in water, contraction 
in air, and the determination of nonevaporable water and vapor sorption. 
Other tests, such as tests for alkalinity, free alkali, free lime, the sugar solu- 
bility test, the floe test, and the autoclave clinker test were also made. The 
results of these tests are given in full in Chapter 3 of the contmuing report 
on the Long-Time Study.! 

Due to inadequate storage facilities, PCA was unable to include any tests 
of concrete in its original series. However, it has quite recently begun another 
series of laboratory tests on the LTS cements, including a complete series 
of compressive and flexural strength tests on concrete containing 415 and 
6 sacks of cement per cu yd. The results of these tests at ages up to and 
including one year are now available and are discussed in this report.2 These 
tests were begun in 1951 and were made on samples of the cements which 
had been in storage in air-tight metal drums for about 10 years. However, 
tests for ignition loss and normal consistency made in 1951 indicated that 
the cements had suffered no deterioration as the result of storage over this 
comparatively long period. The values checked closely those obtained in 
1941 when the original tests were run. 

An extensive series of laboratory tests on all 27 of the LTS cements was 
conducted by the USBR at its Denver laboratories in connection with the 
construction of the parapet wall at Green Mountain Dam, Colo., one of the 


*For convenience, the Portland Cement Assn. will hereafter be referred to as PCA, the U. 8. Bureau of Rec- 


lamation as USBR, the U. S. Bureau of Public Roads as BPR, and the New York Department of Public Works 
as NYS. 
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major field projects of the Long-Time Study. In connection with this proj- 
ect the Bureau not only made all of the standard chemical and physical 
tests on the cements but, in addition, ran a full series of tests on concrete, 
including tests of compressive strength at ages up to 5 years, tests for crack- 
ing tendency (ring shrinkage tests), tests for sulfate resistance, and tests 
for resistance to freezing and thawing. These data have been reported by 
the Bureau in Materials Laboratory Report No. C-345, dated Mar. 31, 1947.8 
This report has recently been revised and brought up to date.’ The Bureau’s 
work on the LTS cements constitutes a major contribution to the project 
and numerous references are made to the data in the present report. 

; Tests by the BPR included chemical and physical tests of the cements 
as called for by ASTM standards, the Merriman sugar test, and tests for 
drying shrinkage and resistance to freezing and thawing conducted on con- 
crete specimens.° The contribution of the NYS consisted of chemical and 





physical tests, the sugar test, the floc test, the clinker autoclave test, and 


freezing and thawing tests of cores taken from the New York Test Road.' 


METHOD OF PRESENTATION 


In the discussion to follow, no attempt will be made to include all of the 
voluminous data that have been obtained on the LTS cements. In all cases, 
the detailed results are readily available either in published form or upon 
request to the originating organization. In the present report the essential 
data will be shown, generally in chart or bar diagram form, in sufficient 
detail to indicate the extent to which the various tests appear to correlate 
with the field performance of the cements in concrete. 

The principal objective of the Long-Time Study was to determine the 
effect of variations in raw materials and in the chemical and physical properties 
of cements and in the methods of manufacturing cements on the durability 
of concrete. For the purpose of the discussion to follow, it may be well to 
define just what we mean by “durability.” The term is often used rather 
loosely to indicate the ability of concrete to resist deterioration from any 
cause. For the purpose of this discussion, durability will be assumed to 
cover only resistance to exposure to certain natural weathering agencies, 
such as alternate freezing and thawing, alternate heating and cooling, and 
alternate wetting and drying. It does not include resistance to aggressive 
chemicals, which is a special case. Neither does it include resistance to applied 
loads. Therefore, the relative strength producing characteristics of the 
cements will be considered primarily to be of significance only insofar as 
strength may contribute to durability. .This applies, of course, to all of the 
other laboratory tests as well. 


THE TEST CEMENTS 


Twenty-seven cements were used in the study, 21 plain or non-air-entrain- 
ing cements and the air-entraining counterparts of six of these cements 
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The cements were chosen to represent as wide a range in composition and 
methods of manufacturing as possible and came from every major producing 
area in the country. Of the 21 non-air-entraining cements, eight were of Type I 
composition, five of Type II, three of Type III, four of Type IV and one of 
Type V. Six of the clinkers from which these cements were made (four of 
Type I, one of Type II, and one of Type III) were ground with an air- 
entraining addition to make six air-entraining cements. No special require- 
ments were imposed during the manufacture of the test cements—they 
were all regular commercial products of the plants producing them. How- 
ever, all of the manufacturing operations were observed carefully and a 
complete record made for later use, if necessary. A detailed description of 
the manufacturing operations is given in Chapter 2' and the results of a 
microscopical study of the clinkers in Chapter 4.! 


FIELD INSTALLATIONS 


In selecting sites for the various fie'd projects an effort was made to pro- 
vide a wide variation in exposure conditions ranging from the severe con- 
ditions encountered in western New York, in Massachusetts, and in the high 
altitudes of the Rockies and the High Sierras, to the mild climates of southern 
Georgia, Florida, and southern California. The various test sites, as well 
as the various types of structures selected for study, have been fully described 
in Chapter 1' and summarized in the ten-year report published in 1953.7 
In the ten-year report attention was called to the fact that on many of the 
projects, particularly those located in the South, deterioration due to weather- 
ing had not progressed sufficiently to make comparisons between cements 
feasible. After 2 years additional exposure, this statement still holds true. 
As a matter of fact, it still applies to several of the projects located in areas 
where freezing conditions are rated as moderate to severe. For example, 
the parapet wall at Green Mountain Dam, Colo., and the walkway slabs 
at Florence Lake, Calif., in spite of the severe exposure show little visual 
evidence of distress due to weathering regardless of the cement. Some evi- 
dences of weathering have developed in a number of the laboratory-size test 
specimens exposed at the sites but the structures themselves are still in very 
good condition. Actually, visible evidences of deterioration after 12 years 
exposure to natural weathering have become sufficiently pronounced to 
justify comparison between cements on three projects only. These are the 
New York Test Road (Project 1), the reinforced concrete piles at Cape Cod, 
Mass. (Project 8A), and the installation of ‘‘near-job size’ specimens at 
Naperville, Ill. (Project 10A). These three projects will therefore be used 
as the major basis for the comparison between laboratory results and dur- 


ability. A brief description of each of these projects, including its present 
condition as revealed by inspections made in 1953, is given below to be followed 
by a discussion of the laboratory test results. 
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LONG-TIME STUDY OF CEMENT PERFORMANCE 


NEW YORK TEST ROAD (PROJECT 1) 


This pavement was built in the fall of 1942 and at the time of the 1953 
inspection had gone through 11 full winters. It is located in western New York 
on State Route 17 between Wellsville and Bolivar. The road is subject to 
heavy traffic and is in a region subject to heavy snow fall and to frequent 
and rapid fluctuations in temperature. It is a very severe exposure for con- 
crete. All of the 27 LTS cements were used at least four times in well spaced 
sections, each consisting of two 75-ft slabs. The cement content was 6.4 
sacks per cu yd and the slump was maintained at approximately 3 in. except 
on one portion approximately 14 mile long where the slump was increased 
to 5 in. to study the effect of an increase in the water-cement ratio on dur- 
ability. Six of the cements with their air-entraining counterparts were used 
also on a 5 percent grade at the east end of the project where it was known 
that chemically treated cinders would be used for ice removal. 

At the present time the only really positive conclusion that can be drawn 
respecting cement on the New York Test Road is the outstanding perform- 
ance of the air-entraining cements. On the 5 percent grade where ice control 
operations have been in effect every year since the construction of the road, 
all of the sections containing the six treated or air-entraining cements are 
still entirely free from scale. On the other hand, surface scaling in varying 
amounts ranging up to as high as two-thirds of the area of the slab has de- 
veloped on all of the sections containing the corresponding non-air-entraining 
cements. Several sections of non-air-entrained concrete located on a slight 
grade immediately west of Allentown where there is a traffic light, have also 
scaled severely, particularly on the downgrade side. With these exceptions, 
the area of scale on any one of the non-air-entrained concrete sections does 
not in general exceed 5 percent at the present time. Some of this is along 
joints and cracks and is probably an advanced stage of the D-cracking which 
was reported earlier and which has now largely disappeared. There appears 
to be no clear-cut relation between individual cements and the occurrence 
of scale. However, from the standpoint of cement type, the picture seems 
to be slightly in favor of the Type IV and V cements. For example, of the 
20 sections containing the five non-air-entraining cements of Types IV and 
V composition, only one (Section 43A-2) shows more than 1 percent scale 
and 11 are entirely free from scale. By way of comparison, of the 63 sections 
containing the 16 non-air-entraining cements, of Type I, II and III compo- 
sition, 33 were reported in 1953 as having more than | percent scale and only 
four were reported as entirely free from scale. Further reference will be 
made to this in connection with the discussion of the laboratory tests which 
follows later. 

Extensive cracking has developed over the entire project with the exception 
of the portion on the 5 percent grade at the east end. Probably because of 
the excellent natural drainage conditions this portion shows far less cracking 
than the remainder of the pavement. The extent of cracking appears to be 
totally unrelated to cement, there being a far greater difference in the amount 
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of cracking from round to round for a given cement than between the averages 
for the various cements. 


CONCRETE PILES AT CAPE COD (PROJECT 8A) 


This also is a very severe exposure for concrete involving as it does a com- 
bination of sea water and alternate freezing and thawing. Nineteen of the 
21 non-air-entraining and three of the six air-entraining cements were used 
in making 66 reinforced concrete piles measuring 12 in. on a side and 30 ft 
long. The piles were installed in the East Mooring basin of the Cape Cod 
Canal in the late fall of 1941 and consequently have been exposed through 
12 full winters. The average tidal range there is about 9 ft and the piles were 
installed so as to protrude slightly above water at high tide. Three mixes 
were used: No. 1, a 5-sack mix, 2-in. slump, vibrated; No. 2, a 7-sack mix, 
2-in. slump, vibrated; and No. 3, a 7-sack mix, 8-in. slump, hand placed. 
One pile was cast for each cement and for each mix, making 66 piles in all. 

To provide a numerical basis for comparisons, the piles have been rated 
from time to time with respect to condition as determined from visual exami- 
nation. Numerical ratings range from 1.0 representing a perfect pile to 10, 
representing a pile which has lost all structural value. Intermediate ratings 
represent intermediate stages of deterioration between these extremes. The 
1953 ratings for each of the three mixes and for each cement are shown in 
the lower half of Fig. 1. 

As might be expected, the piles containing the 5-sack concrete (mix No. 1) 
are much more seriously affected than those containing either of the 7-sack 
mixes. In general, the piles containing the 7-sack, 2-in. slump concrete 
(mix No. 2) are in somewhat better condition than the corresponding piles 
where the slump was raised to 8 in. (mix No. 3). So far as individual cements 
are concerned, there seems to be no clear-cut relation except that only two 
of the non-air-entraining cements, No. 25 and 43A, had ratings of less than 
2.0 in the 5-sack mix (mix No. 1). Both of these cements also showed good 
ratings in the other mixes. These ratings wil! be considered further with 
reference to the laboratory test data to be discussed in a following section. 


““NEAR-JOB-SIZE” SPECIMENS AT NAPERVILLE (PROJECT 10A) 


With respect to the effect of variations in mix proportions, aggregate 
quality, time of year in which the concrete was placed, and method of placing, 
this is probably the most interesting of the Long-Time Study projects. All 
of these variables were introduced at Naperville and distinct differences in 
performance have been observed. Three types of specimens were used in 
this installation—flat slabs cast on the ground, vertical columns, and hollow 


boxes. In the following discussion reference will be made only to the boxes 
as it is only in this type of specimen that deterioration up to this time has 
progressed sufficiently to justify comparisons. The box-type specimens were 
cubical in shape, measuring 30 in. on a side with an interior space 22 in. square 
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BOX RATINGS 


Mix No.2] Mix No.3] Row E6 | Row E3 | Row D6 





















































” 

O 

z 

be 

< 

@ 

w- 3 

jS3o 7 “~ | 

a= s 

= 
: = HOE LL © SRS SS ee ae Es | i 
Cement No. 11 i213 14 15 16 17 18 Zi 22 2324 ZS SI 3334 41 42 4943A SI AIT I2T ie BT 2iT OST 
; Fig. 1—Box ratings at Naperville and pile ratings at Cape Cod 
: October and July, 1953 
at the top and tapering to 14 in. at mid-height. This space was kept filled with 
sand and water. 

With the exception of two rows, all of the box specimens were cast in the 
fall of 1941 and consequently have been through 12 full winters. Six different 
mixes ranging from 6-sack, 1!4-in. slump, to 4!4-sack, 8-in. slump and two 
fine aggregates, one of good quality and one of doubtful quality, were used. 
Mixes having a nominal slump of 1!4-in. were placed by vibration, the other 
mixes by hand. 

In general, the box specimens showing the greatest deterioration up to 
the present time are those in the two rows containing 4)-sack, 8-in. slump 
concrete (row D6 with the aggregate of good quality and row E6 with the 
aggregate of doubtful quality) and those in the one row containing 6-sack, 
8-in. slump concrete with the aggregate of doubtful quality (row E3).  Nu- 
merical ratings of the boxes in these three rows are shown in the upper part 
of Fig. 1. As in the case of the Cape Cod piles, a numerical rating scheme 
has been used to facilitate comparisons. However, in this case, a rating of 6 

i indicates complete disintegration instead of a rating of 10, as at Cape Cod. 
| 4 ‘ ‘ . . ° . . ~ 

: Also, as at Cape Cod a rating of 1.0 indicates a specimen that has suffered 
| # “ow ‘Rites MA 
| a no visual deterioration. Fig. 2 illustrates the appearance of boxes having 
| @ 


various ratings. 
From Fig. 1 it will be seen that in the case of row E3 (6-sack mix, 8-in. 
slump), the boxes containing the non-air-entraining cements of Type III, 
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IV, and V composition are all in better condition than the corresponding 
boxes containing many of the Type I and Type II cements. In fact, no serious 
distress has developed in any of the boxes in this row in which the Types III, 
IV, or V cements were used. However, in the case of the two 4!4-sack mixes 
(rows D6 and E6) the boxes containing the Type III cements are not, on the 
average, in as good condition as the comparable boxes containing the Type 
IV cements. This applies particularly to row E6 where the boxes containing 
the three Type III cements all show advanced deterioration whereas three 
of the four Type IV cement boxes are still virtually unaffected. Thirteen 
of the 21 non-air-entrained concrete boxes in row E6 show serious distress 
(rating of 4 or more) at this time. These include six of the eight Type I 
boxes, three of the five Type II boxes, two of the three Type III boxes, one 
of the four Type IV boxes, and the one Type V box. 


It should be noted in this connection that failure of boxes 6-42 and E6-51 
occurred during the first winter, whereas, in most of the other cases, failure 
developed at a much slower rate. However, there appears to be no correlation 
between either type of cement or any of the properties of the individual 
cements and rate of deterioration. 


As on the New York Test Road, the outstanding difference with regard to 
cements which has so far developed at Naperville is the superior performance 
of all of the concrete specimens containing the air-entraining cements. Except 
for one box, cement 21T in row D2 (not shown in Fig. 1) which is rated as 
1.1, all of the boxes containing the air-entraining cements are still in perfect 
condition. This applies even to the 4)-sack, 8-in. slump concrete (rows 
D6 and E6). It will be interesting to observe how long the air-entrained 
concrete boxes in these two rows remain unaffected in the severe climate of 
northern Illinois. 


DISCUSSION OF THE LABORATORY TESTS 


As stated in the foreword, numerous laboratory tests have been made on 
LTS cements by PCA and the cooperating agencies. It may be well to 
emphasize again that in the discussion to follow, the principal comparisons 
with service behavior will be with respect to resistance to alternate freezing 
and thawing. It is for this reason that the three field projects that have 
been described have been chosen as the basis for comparison. These three 
projects, the New York Test Road, the piles at Cape Cod, and the Naperville 
test plot are the only ones which up to the present time show sufficient dete- 
rioration to warrant comparisons. 


The results of the heat of hydration studies published in Chapter 3,' to- 
gether with additional data obtained since that time, have been published as 
Chapter 6° so that further reference to these data is unnecessary. No useful 
general correlation was found between heat of hydration of cement and 
performance in concrete under freezing and thawing. Chapter 3! also includes 
a number of tests relating to alkali-aggregate reactivity. Tests were made 
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with both a nonreactive aggregate and with a highly reactive combination 
consisting of 5 percent siliceous magnesian limestone and 95 percent non- 
reactive sand. The results followed the usual pattern, those cements having 
a relatively high alkali content showing excessive expansion when used with 
the reactive aggregate. Up to this time no clear-cut evidence of distress due 
to an alkali-aggregate expansion has developed on any field project of the 
Long-Time Study. Certain combinations on the Georgia Test Farm and a 
Green Mountain give indications of the possibility of such a reaction at 


— 


these locations. At the present time, however, the indications are very 
slight and do not warrant even tentative conclusions. 

In discussing the laboratory data, those tests which are required by ASTM 
specifications C150 and C175 will be considered first, followed by a discussion 
of the various special tests which have been conducted by the cooperating 
laboratories. 


ASTM SPECIFICATION TESTS 

Compound composition 

Coinaplete chemical analyses were made by all four of the cooperating 
laboratories. In most cases, the results were in fairly close agreement, 
although in some instances considerable variations between laboratories, 
possibly due to working with samples which were not identical, were noted. 

The potential compound compositions of the cements as reported by PCA 
are shown in Fig. 3. According to PCA analyses, all of the cements, with 
three exceptions, conformed to the chemical requirements prescribed by 
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ASTM for their respective types. These were cement No. 23 with 51 percent 
C,8 as compared to a maximum of 50 percent prescribed for Type II, cement 
No. 24 with 20.9 percent SiO, as compared to 21 percent required for Type 
II, and cement No. 48 with 2.1 percent SO; compared to a maximum of 2.0 
percent which was permitted in the case of Type IV cement. 

It is interesting to note the wide variations in C,;8 and C;A contents shown 
by these cements and to determine to what extent, if any, these differences 
can be related to cement performance. Referring to Fig. 3, we note that the 
percentage of C,;S varies all the way from a low of about 20 percent for cement 
No. 41 to a high of about 64 for cements No. 15 and 34. However, cement 
No. 15, although classified as a Type I cement, has a potential compound 
composition corresponding more to Type III than to Type Il. The C;A 
contents of the cements range from a low of about 3.5 percent for cement No. 
12 to a high of about 15 percent for cements No. 18 and I8T. 

This matter of composition is considered in some detail here because of 
the importance placed by many engineers upon cement composition as a 
factor in the production of durable concrete. In fact it was this feeling, 
specifically as related to road construction in the northeastern states, that 
led P. H. Bates, the first chairman of the Advisory Committee, to suggest 
that the question be settled by building a series of job-size structures with 
cements of widely varying chemical composition and observing their behavior 
in service. 

What have we learned regarding the effect of cement composition from 
the three projects that have been described? Aside from the predominating 
influence of entrained air which completely overshadows all other variables 
there are, as already noted, some indications that durability (resistance to 
natural freezing and thawing) was improved by the use of cements of Type IV 
composition. It should be emphasized that this is merely an indication. 
It is most evident on Project 10A, the Naperville test plot, where in the 
lean, wet mixes (4)5-sack, 8-in. slump) the Type IV cements appear to have 
a somewhat better record than the other types. This trend is not evident 
at Cape Cod where there seems to be only slight indication that durability is 
affected by composition. On this project only one of the Type IV cements, 
No. 48A, and only one of the Type II cements, No. 25, have uniformly good 
records. On the New York Test Road, the only indication of a trend as 
regards cement composition is the fact that according to the 1953 inspection 
report there is somewhat less scaling on pavement sections containing the 
Type IV and V cements. 

Aside from the Type IV cements, which are of course low in C,;S as well 
as in C;A, no useful correlation has been found between C;A content’ and 
field performance on any of the three projects. In general, the cements of 
Type II composition have not performed any better than the cements of the 
other types. Also, no relation has been found between the alkali contents 
of the cements and field performance. However, reactive aggregates were 


not used on any of these projects. The total alkali contents (NasO + K,.O) 
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of the 27 cements varied from a low of 0.23 percent (No. 13) to a high of 
1.36 percent (No. 14). 

The effects of cement composition on the performance of concrete exposed 
to sulfate soils have been described in Chapter 5.° This topic is outside the 
scope of the present paper. 

Fineness 

Fineness of the cements by the Wagner method (ASTM C 115) was deter- 
mined by all four laboratories. In addition, PCA and USBR determined 
fineness by the air permeability method (ASTM C 204). PCA also determined 
the particle size distribution of the cements, using a procedure described in 
Chapter 3.!_ The results are given in Table 3-6 of Chapter 3. The results 
of the ASTM tests are not in very good agreement, especially as regards the 
Wagner method. However, the laboratories appear to classify the cements 
about the same as regards relative fineness; in other words, the results for a 
given laboratory are in general high or low throughout the series. As an 
indication of the relative fineness of the different cements in terms of ASTM 
requirements, the PCA results are shown in bar diagram form in the upper 
part of Fig. 4. There seems to be little or no correlation between fineness 
per se and field performance. For example, at Naperville the specimens 
containing the Type IV cements are as a group in better condition than 
the groups representing the other types. However, these cements have 
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finenesses which are intermediate between the cements of Type I and Type 
III composition. It would seem reasonable to assume that some factor 
other than fineness accounts for this difference in behavior. This is not to 
say that fineness is unimportant. It is important, but its importance lies 
in its effect on other properties of the cement, such as bleeding and rate of 
strength gain. 


Autoclave expansion 

Tests for autoclave expansion (ASTM C151) were made by all four 
laboratories. The results were in quite close agreement and all were well 
within the ASTM limit of 0.5 percent with the exception of a value of 1.1 
percent reported by NYS for cement No. 34. However, the other three 
laboratories averaged less than 0.1 percent for this cement. Autoclave ex- 
pansions, as reported by PCA, are shown in the lower portion of Fig. 4. 

The results may be said to correlate with service behavior to the extent 
that the generally lower expansions found for the Type IV cements appear 
to be reflected in somewhat superior performance in the field, However, 
it should be noted in this connection that cements No. 13, 21, 23, 34, and 51 
also showed low autoclave expansions (see Fig. 4). It should also be noted 
that none of the autoclave results would indicate an unsound cement and 
that no unsoundness attributable to cement has been observed on any of 
the field projects. 
Mortar strength 

Numerous mortar strength tests of various types were made by all of the 
cooperating laboratories. The detailed data may be obtained from the refer- 
ences previously cited. In the 1941 work by PCA! tension tests of neat and 1:3 
standard Ottawa sand briquets and compression tests of plastic mortar 2-in. 
cubes were made at ages from one day to five years. In the 1951 work’ 
these tests (with the exception of neat cement briquets) were repeated with 
the addition of flexure tests of plastic mortar prisms and compression tests of 
modified cubes resulting from the flexure tests. Tests in this series have been 
made at periods ranging from one day to one year, using both water and moist 
air storage. Tests by other agencies were limited to 1:3 standard Ottawa 
sand briquets and compression tests of plastic mortar cubes, tested at 3, 7, 
and 28 days.*:45.6 

Although the general level of the mortar strengths obtained by the various 
laboratories at 3, 7, and 28 days differed considerably (PCA was generally 
high in tensile strength and USBR generally high in compressive strength), 
all laboratories showed about the same range in values. The PCA data for 
the 1, 3, 7, and 28-day periods (1941 series) are shown in Fig. 5. All of the 
cements, although differing considerably in strength, met the ASTM re- 
quirements for their respective types. This was true also in the case of tests 
made by the other laboratories. 

The most interesting feature of the mortar tests are the trends with respect 
to strength development after 28 days. As previously noted, PCA continued 
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Fig. 5—Tensile and compressive strength of mortar (ASTM C77 and C 109) 
Tests by PCA 


these tests to 5 years in its 1941 series and up to one year in its 1951 series. 
No attempt will be made to present all of these voluminous data in tabular or 
chart form. However, the following discussion will illustrate the important 
trends as regards (1) the tendency for retrogression in strength to occur, and 
(2) the maximum differences in strength which were developed by the 21 
non-air-entraining cements at various ages. 

The maximum variations in tensile strength and the average strengths 
at various ages for cements of each type, as determined by PCA in its 1941 
series, are shown in Fig. 6. Corresponding data for compressive strength 
of 2-in. mortar cubes are shown in Fig. 7. Fig. 6 reveals the definite tendency 
to retrogression in strength at the later ages which is so often found in this 
type of test. In the compression test, retrogression is confined to the Type I 
and Type III cements. This is shown not only in Fig. 7 but also in Fig. 8, 
which gives the corresponding data obtained by PCA in its 1951 series. In 
Fig. 9 the ranges in flexural strengths and the average strengths of mortar 
prisms are shown. These tests were also made by PCA in connection with 
its 1951 series. Here retrogression after 28 days is definite in the case of the 
Type I and Type III cements. There is also a tendency toward retrogression 
after three months in the Type II and Type IV groups. It should be noted 
that the 1951 series extends only through one year whereas the 1941 series 
includes tests made at 5 years. 
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Fig. 6—Tensile strength of 1:3 standard Ottawa sand mortar briquets 


Maximum variations in strength at various ages by types 
PCA—1941 series 


The various types of mortar strength tests as well as the compressive and 
flexural strength tests -of concrete reveal considerable differences in the 
strength characteristics of these cements that, so far, have not been reflected 
in field performance, either from the standpoint of durability or structural 
stability. 


TESTS NOT REQUIRED BY ASTM SPECIFICATIONS 


Numerous tests not recognized in ASTM standards for cement have been 
developed from time to time. Many of these have been made on the LTS 
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Fig. 7—Compressive strength of 1:2.77 graded Ottawa sand 2-in. mortar cubes 


Maximum variations in strength at various ages by types 
PCA—1941 series 
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Fig. 8—Compressive strength of 1:2.75 graded Ottawa sand 2-in. mortar cubes 


Maximum variations in strength at various ages by types 


cements by one or more of the cooperating laboratories. 
results of these tests will be summarized and discussed. 
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Fig. 9—Flexural strength of 1:2.75 graded Ottawa sand 2-in. mortar prisms 


Maximum variations in strength at various ages by types 
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Premature stiffening 


” 


A tendency to “premature stiffening” or “false set,” as it is frequently 
called in portland cement, may cause concrete to stiffen rapidly shortly 
after mixing, thus complicating placing operations. However, with prolonged 
mixing the concrete will regain its plasticity after which it will harden normally. 

PCA and USBR both determined the premature stiffening characteristics 
of the LTS cements. The PCA work has been described by Hansen.'® Data 
obtained by USBR are shown in Table 4 of reference 3. The results of the 
PCA tests, using one of the methods described by Hansen as well as the 
method then used as standard by USBR, are shown in Table 7-3 of Chapter 
7,1. together with comments on the premature stiffening characteristics of 
the cements as noted during the construction of the New York Road. A 
good correlation was found between observations made in the field and the 
results of tests by the PCA method. This method of test involved measure- 
ments of the penetration of a neat cement paste by a 14-in. needle after 
mixing 1 and 3 min. The USBR method, which involved one measurement 
only, using a l-cm needle, did not correlate quite so well. 

Premature stiffening was observed by USBR during the construction of 
the parapet wall at Green Mountain Dam with cements No. 17 and 31, while 
marked to moderate premature stiffening was noted by PCA on the New York 
Test Road with cements No. 12, 16, 22, 43, and 43A. These are the only two 
projects on which indications of premature stiffening were observed during 
construction. It is probable that on most of the projects the sequence of 
placing operations was such as to mask any tendency to false set which might 
have been present. The difficulty on the New York road was probably due 
to the time lag between the dumping and spreading of many of the batches. 
In terms of field performance, there is no evidence that the tendency to false 
set shown by some of the LTS cements had any permanently harmful effects. 
In fact, the worst offender in this respect (No. 43A) has a good record on all 
three of the reference projects. 

Bleeding characteristics 

Bleeding characteristics of the cements were studied in the laboratory by 
PCA using both PCA and USBR methods. PCA data on bleeding rate and 
bleeding capacity of neat cement pastes’? are shown in Table 1 together 
with notes regarding the bleeding characteristics of the concrete used in the 
construction of the New York Test Road. The laboratory data were ob- 
tained previous to construction to establish the sequence in which the cements 
should be used on the test roads. It was felt that differences in bleeding 
tendencies might affect finishing operations to a considerable degree and 
that consequently adjacent sections should contain cements of similar bleeding 
characteristics. 

From the laboratory data (see Table 1) it can be seen that cements No. 
13, 16, 21, 22, 23, and 42 could be classified as ‘‘bleeders’”’ and No. 14, 17, 
24, 31, 33, 34, 41, 43, and 43A as “‘nonbleeders.’”’ The remainder of the 
cements are intermediate. 
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Fig. 8—Compressive strength of 1:2.75 graded Ottawa sand 2-in. mortar cubes 
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Fig. 9—Flexural strength of 1:2.75 graded Ottawa sand 2-in. mortar prisms 
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LONG-TIME STUDY OF CEMENT PERFORMANCE 


Premature stiffening 


” 


A tendency to “premature stiffening” or “false set, 


as it is frequently 


called in portland cement, may cause concrete to stiffen rapidly shortly 
after mixing, thus complicating placing operations. However, with prolonged 
mixing the concrete will regain its plasticity after which it will harden normally. 

PCA and USBR both determined the premature stiffening characteristics 
of the LTS cements. The PCA work has been described by Hansen.'® Data 
obtained by USBR are shown in Table 4 of reference 3. The results of the 
PCA tests, using one of the methods described by Hansen as well as the 
method then used as standard by USBR, are shown in Table 7-3 of Chapter 
7,1! together with comments on the premature stiffening characteristics of 
the cements as noted during the construction of the New York Road. A 
good correlation was found between observations made in the field and the 
results of tests by the PCA method. This method of test involved measure- 
ments of the penetration of a neat cement paste by a 14-in. needle after 
mixing 1 and 3 min. The USBR method, which involved one measurement 
only, using a l-cm needle, did not correlate quite so well. 

Premature stiffening was observed by USBR during the construction of 
the parapet wall at Green Mountain Dam with cements No. 17 and 31, while 
marked to moderate premature stiffening was noted by PCA on the New York 
Test Road with cements No. 12, 16, 22, 43, and 43A. These are the only two 
projects on which indications of premature stiffening were observed during 
construction. It is probable that on most of the projects the sequence of 
placing operations was such as to mask any tendency to false set which might 
have been present. The difficulty on the New York road was probably due 
to the time lag between the dumping and spreading of many of the batches. 
In terms of field performance, there is no evidence that the tendency to false 
set shown by some of the LTS cements had any permanently harmful effects. 
In fact, the worst offender in this respect (No. 43A) has a good record on all 
three of the reference projects. 

Bleeding characteristics 

Bleeding characteristics of the cements were studied in the laboratory by 
PCA using both PCA and USBR methods. PCA data on bleeding rate and 
bleeding capacity of neat cement pastes’? are shown in Table 1 together 
with notes regarding the bleeding characteristics of the concrete used in the 
construction of the New York Test Road. The laboratory data were ob- 
tained previous to construction to establish the sequence in which the cements 
should be used on the test roads. It was felt that differences in bleeding 
tendencies might affect finishing operations to a considerable degree and 
that consequently adjacent sections should contain cements of similar bleeding 
characteristics. 

From the laboratory data (see Table 1) it can be seen that cements No. 
13, 16, 21, 22, 23, and 42 could be classified as ‘“‘bleeders” and No. 14, 17, 
24, 31, 33, 34, 41, 43, and 43A as “‘nonbleeders.”” The remainder of the 
cements are intermediate. 
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TABLE 1—BLEEDING CHARACTERISTICS OF CEMENTS 


Laboratory* Notes on bleeding during construction of Project 1 
Cement 

No. Bleeding | Bleeding 

rate capacity Round | Round 2 Round 3 Round 4 
11 120 0.080 None Slight to moderate | Slight Slight 
12 120 0.084 Slight to moderate None Slight to moderate | Very slight 
13 134 0.062 Moderate Very slight Moderate 
14 75 0.050 None Slight None None 
15 130 0.079 None Moderate Slight Considerable 
16 139 0.086 Considerable Considerable Slight to moderate | Slight 
17 R86 0.059 Slight Slight None Very slight 
18 130 0.078 None Very slight Very slight Moderate 
21 190 0.120 Slight Considerable Considerable Excessive 
22 141 0.053 None Very slight Very slight None 
23 148 0.091 Considerable Considerable Considerable Considerable 
24 71 0.053 Slight None Moderate Slight 
25 109 0.086 Very slight Moderate Slight Slight 
31 35 0.015 None None None None 
33 54 0.025 None None None None 
34 60 0.029 Very slight Very slight None None 
4 76 0.061 None Very slight None 
42 146 0.114 Very slight Moderate Considerable Considerable 
43 75 0.053 None None None None 
434 &8Y 0.053 Very slight Moderate None Slight 
51 112 0.077 Considerable Considerable Slight Considerable 


*Data from Bulletin No. 4, ‘‘Further Studies of the Bleeding of Cement Paste,’’ Research Laboratory, Portland 
Cement Assn. 


From the field notes it can be seen that, for a given cement, the actual 
amount of bleeding on the job varied a great deal from round to round. This 
was no doubt due to variations in weather conditions, particularly temperature, 
wind velocity, etc., as well as to other causes independent of the cement. 
However, in spite of these variations, there seems to be a general relationship 
between the laboratory and field indications. The high-early-strength cements 
which exhibited low bleeding rates in the laboratory, did not bleed in the 
field. The same is true for cements No. 14, 17, 24, 41, 43, and 43A. On the 
other hand cements No. 16, 21, 23 and 42, all classified in the laboratory as 
“bleeders,” developed considerable bleeding on the New York road. 


So far as correlation with field performance is concerned, it would appear 
that variations in bleeding tendency within the range exhibited by these 
cements have little influence on durability, at least to the extent that ob- 
servations made after 12 years exposure may be considered to be indicative 
of ultimate performance. For example, the Type III cements which are all 
definitely ‘“‘nonbleeders” have not, in general, any better record in the field 
than the other types. On the New York Test Road about the only indication 
of a correlation is the fact that the concrete pavement sections containing 
cement No. 21, a bad bleeder, showed rather extensive D-cracking in the 
early years. However, in other respects cement No. 21 has behaved normally. 
An indication of a lack of correlation on the New York road is the fact that 
sections containing cement No. 42, a very bad bleeder, and No. 43, which is 
definitely a nonbleeder, are at the present time in almost the same condition 
with respect to surface scaling. Practically no scaling has developed on any 
section containing either cement. 
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Fig. 10—Sugar solubility, clinker autoclave loss, and floc test 
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Sugar solubility test 

The results of the Merriman sugar test,* as made by PCA and NYS, are 
also shown in Fig. 10. In this test, agreement between the laboratories is not 
so good. Results reported by PCA are in virtually all cases higher than those 
reported by NYS. In several cases the PCA values are much higher. Cement 
No. 43A, on which both laboratories reported high clinker autoclave losses, 
is one of these. In this case the low sugar value reported by NYS correlates 
with service behavior. However, cement No. 22, which shows a very low 
sugar value in tests by both laboratories, has about the same over-all rating 
in the boxes and piles as most of the cements. Likewise, the three high-early- 
strength cements (No. 31, 33 and 34), all of which have very high sugar 
values, have performed just about as well in service as the other cements. 

From the above, it would appear that in the case of the sugar test also 
the large variations in results which were obtained on the LTS cements are 
not significant in terms of corresponding in field performance. 
Floc test 

This test, devised by Ira Paul of New York, was made by PCA! and NYS.* 
The test was supposed to indicate whether or not a cement had been properly 
manufactured. The results obtained by PCA and NYS are also shown in 


*It is understood that Thaddeus Merriman, who devised this test, used it only in specifications for Types II; 
IV, and V cement. He did not consider it applicable to Types I and III cement. 
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Fig. 11—Drying shrinkage of 4 x 4 x 40-in. concrete prisms. Cement content 
6 sacks per cu yd. Slump and water-cement ratio variable 


Specimens stored 14 days in moist air at 70 F then continuously 
in laboratory air at 70 F and 50 percent relative humidity 
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Fig. 10. As in the case of the sugar test, highest values, in general, were 
obtained with the Type III cements, the next highest with the Type I cements, 
and the lowest values with the Type II and Type IV cements and the Type 
V cement. In most cases values obtained by NYS were higher than the 
values reported by PCA on the same cements. No correlation with field 
performance was found. The test is no longer used in specifications. 


Length change measurements 

Length change measurements were made on the test cements by PCA, 
USBR, and BPR. Tests by PCA were on 1 x 1 x 1114-in. prisms of neat 
cement stored in water and in air for 5 years. The data are given in Tables 
3-22 and 3-23 of reference 1. Tests by USBR and BPR were on concrete 
prisms, with measurements made up to 38 months in the case of USBR* and 
and up to 380 days in the case of BPR.® The results of USBR tests for con- 
traction in air are shown in Fig. 11 with the corresponding data by BPR 
in Fig. 12. In the former case, the specimens were given a preliminary curing 
of 14 days in the moist room before starting measurements. In the tests 
made by BPR the specimens were given one day preliminary curing in moist 
air. Tests were conducted at 70 F and 50 percent relative humidity. 

In the USBR tests, shown in Fig. 11, total contraction at the end of 38 
months ranged from a low value of 0.060 percent for cements No. 15 and 23, 
to a high value of 0.097 percent for cement No. 18. In the BPR tests contrac- 
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Fig. 12—Drying shrinkage of 3 x 4 x 16-in. concrete prisms. Cement content 
6% sacks per cu yd. Slump and water-cement ratio variable 


Specimens stored one day in moist room, then continuously 
in laboratory air at 72 F and 50 percent relative humidity 
Tests by BPR 
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tion at the end of 380 days ranged from a low value of 0.048 percent for cement 
No. 15, to a high value of 0.084 percent for cement No. 11T. In general, 
slightly higher contractions were noted for the air-entraining cements. In the 
USBR tests the Type IV cements averaged slightly higher in total contraction 
than the other types, although, as just noted, the cement showing the highest 
contraction of all was a Type I cement (No. 18). In the BPR tests there 
were no significant differences in the average total contraction shown by 
cements of different types. 

No significant relation was found between the amount of contraction in 
the laboratory at any age and field performance, as measured by resistance 
to natural weathering. 

It is probable that the Type IV cements would have shown higher con- 
tractions in both series of tests if the preliminary curing period had been 
longer. In both cases the preliminary moist curing was so short that very 
little gel was developed in the low heat concretes before the start of the 
drying period and this probably accounts for the relatively low shrinkage. 
Dynamic modulus of elasticity 

In connection with the length change measurements, USBR also deter- 
mined the effect of storage on dynamic modulus of elasticity. After 38 months 
storage in water, values for dynamic FE varied from a high of 7,730,000 psi 
for cement No. 25 to a low of 6,180,000 psi for cement No. 33. Corresponding 
specimens air cured ranged from a high of 5,620,000 psi for cement No. 25 
to a low of 4,100,000 psi for cement No. 42. No useful correlation was found 
between the modulus of elasticity of the concrete and field performance 
under natural freezing and thawing. 

Ring shrinkage tests 

To develop information regarding the cracking tendencies of the cements, 
USBR conducted a comprehensive series of ring shrinkage tests, using the 
procedure developed by R. W. Carlson at the Massachusetts Institute of 
Technology in 1939.'* These tests are described in detail in USBR Bulletin 
No. C-345.° In addition to determining the number of days. required to 
crack the ring after various periods of preliminary curing, a number of related 
tests were also made to determine the strength, free drying shrinkage, moisture 
loss, sonic modulus of elasticity, ete., of companion mortar specimens. Cor- 
relation coefficients have been worked out for a number of the variables in- 
volved. They are discussed in Bulletin No. C-345 and the reader is referred 
to this bulletin for further information regarding these tests. There appears 
to be no useful correlation between the results of the ring shrinkage tests 
and the performance of the concrete under natural freezing and thawing. 
Water requirements for concrete 

Some idea of the relative water requirements of the cements may be ob- 
tained from Fig. 13 which shows, for each of three series of concrete tests, 
and for each cement, the net water contents in gallons per cubic yard which 


would be required to produce the slump noted in each case. To obtain the 
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Fig. 13—Water requirements of the cements—for conditions noted 


values shown in Fig. 13, adjustments for variations in the slumps actually 
obtained by test in the three laboratories were made by correcting the water 
contents actually used on the basis of either adding or subtracting 1 gal. 
of water for each 1 in. difference in slump between the measured slump and 
the nominal slump for the series. For example, in the tests by USBR, cement 
No. 12, the use of 36.4 gal. of water per cu yd resulted in a measured siump 
of 2.8 in. The amount of water required for a 4-in. slump would therefore 
be 36.4 gal. plus 1.2 gal. or 37.6 gal. per cu yd, the value shown in the figure. 

Aside from variations between cements, the principal feature of interest 
in Fig. 13 is the wide range in the water requirements indicated for the PCA 
tests as compared to the tests made by USBR and BPR. The maximum 
variation was from an average value of about 28.5 gal. for a slump of 2!¢ in. 
in the PCA series to an average of about 35.5 gal. for a slump of 4 in. in the 
USBR series, a difference of about 7 gal. per cu yd. Aside from about 1!6 
gal., which can probably be accounted for by the difference in consistency, 
this difference is due, probably, to differences in the water requirements of 
the aggregates used in the two laboratories. It is also interesting to note 
that the PCA tests indicate considerably greater differences in the wate 
requirements of the cements than the tests made by either USBR or BPR. 
The low percentage of sand used by PCA, which would have a tendency to 
accentuate differences due to cement, probably accounts for this trend. 

No useful correlation was found between the water requirements of the 
cements and their field performance in concrete. 
Concrete strength 

Strength tests of concrete containing the LTS cements were made by 
PCA and USBR. Tests by PCA? included compressive and flexural strength 
tests of 4)4- and 6-sack concrete at ages ranging from one day to one year 


Local Chicago aggregates were used. The flexure tests were made on 6 x 6 x 








182 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE October 1955 


TABLE 2—COMPRESSIVE STRENGTH OF CONCRETE AT 28 DAYS 
(6 X 12-IN. CYLINDERS) 


USBR PCA 
6 sacks per cu yd 4% sacks per cu yd 6 sacks per cu yd 
Cement W/C, Slump, |Comp. str., w/c, Slump, Comp. str., w/c, Slump, |Comp. str., 
No. gal. in. psi gal. in. psi gal. in. psi 
per sack per sack per sack 
11 6.33 3.8 4170 6.26 2.5 5250 4.63 1.9 7020 
12 6.15 2.8 4350 6.15 2.9 5510 4.61 2.3 7370 
13 6.25 5.6 3930 6.41 2.4 3990 4.80 2.5 5850 
14 5.97 4.8 4240 6.15 2.4 4500 4.63 2.4 5920 
15 6.20 3.6 4550 6.56 2.4 5580 5.07 2.4 7490 
16 6.05 4.2 4360 6.26 2.1 5000 4.63 1.9 6780 
17 6.12 3.7 5090 6.83 2.2 4920 §.22 2.3 6740 
18 6.29 6.0 4280 6.49 2.6 5240 4.98 2.8 6560 
Avg 6.23 4.3 4370 6.39 2.4 5000 4.82 2.3 6720 
21 6.10 4.4 4390 6.29 2.5 4320 4.88 2.6 6000 
22 6.05 3.5 4280 6.11 2.7 4600 4.57 2.5 6560 
23 6.04 5.0 4280 6.14 2.3 4690 4.74 2.5 5970 
24 6.10 4.6 4660 6.33 28 3860 4.73 2.7 5310 
25 6.01 4.6 4100 6.35 2.4 3580 | 4.76 2.2 5720 
Avg. 6.06 4.4 4340 6.24 2.5 4210 | 4.74 2.5 5910 
31 6.59 6.3 4940 6.71 3.0 5440 5.50 2.9 6560 
33 6.45 4.9 5080 6.20 2.0 5310 | 4.91 2.3 6100 
34 6.48 6.2 4780 — . : - 
Avg. 6.51 5.8 4930 6.46 2.5 5380 5.20 2.6 6330 
41 5.91 5.6 3920 6.04 2.4 3410 4.53 2.3 5900 
42 6.17 6.2 2960 6.19 2.1 2810 4.79 2.5 4660 
43 5.94 4.0 3920 6.10 2.4 3950 4.72 2.7 5700 
434 5.99 4.7 3780 6.14 2.7 3010 4.65 2.7 5180 
Avg. 6.00 5.1 3650 6.12 2.4 3300 4.67 2.6 5360 
51 5.99 4.7 4130 6.07 2.4 3890 4.57 2.1 6200 
Grand 6.15 4.7 4300 6.29 2.5 4443 } 4.80 2.5 6180 


ave. 


30-in. beams loaded at the third points and the compression tests on 6-in. 
modified cubes. In addition, PCA made 6 x 12-in. cylinders from each mix 
for test at 28 days. USBR* made compression tests only, using a 6-sack mix 
with the aggregates employed in the construction of the parapet wall at Green 
Mountain Dam. These tests were made on 6 x 12-in. cylinders and ranged 
in age from 7 days to 5 years. 

The 28-day compressive strength results, using 6 x 12-in. cylinders, as 
determined by the two laboratories, are shown in Table 2. These data are 
of interest for several reasons. They show, for example, the range in 28-day 
compressive strength which may result from the use of different cements, 
all of which meet the minimum requirements of ASTM specification C 150. 
They also show the variations in strength which may result wher the tests 
are made in different laboratories using different aggregates and consistencies. 

In the PCA tests, the 28-day compressive strengths for the 6-sack mix 
varied from a high of 7490 psi (No. 15) to a low of 4660 psi (No. 42), a difference 
of 2830 psi, cr 46 percent of the average value of 6180 psi. It will be noted 
that the average for the eight Type I cements is considerably higher than 
the average of any of the other types, including Type III. Incidentally, the 
total range in water-cement ratio for the 6-sack mix was from a high of 5.50 
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gal. per sack (No. 31) to a low of 4.53 gal. per sack (No. 41), a variation of 
0.97 gal. per sack, or 20 percent of the average. 

It will be observed that the concrete strengths obtained by USBR were 
much lower than those obtained by PCA. The water-cement ratios were also 
much higher, the differences averaging 1.35 gal. per sack for all cements. 
These differences were no doubt due to the fact that USBR used a somewhat 
wetter mix (slumps averaged 4.7 in. as against 2.5 in. for PCA) as well as 
the fact that the Green Mountain Dam aggregates apparently required 
considerably more water for comparable consistency than the aggregates 
used by PCA. However, the difference in strength was even greater than 
can be accounted for by the difference in water-cement ratio alone. The 
average difference in strength was 1880 psi as compared to about 1300 psi! 
which might be expected from the increase in water. The difference (580 
psi) was no doubt due to the fact that PCA used aggregates having inherently 
higher strengths than the Green Mountain materials. 

Maximum variations in concrete strength and the average strengths at 
various ages, for each type of cement are given in Fig. 14, 15, and 16. Com- 
pressive strength data for periods up to one year, as determined by PCA 
in its 1951 series are shown in Fig. 14, with corresponding data covering 
flexural strength in Fig. 15. Compression tests were made on 6-in. modified 
cubes resulting from the flexure tests which were made on 6 x 6 x 30-in. beams. 
Compressive strength data for periods up to 5 years as determined by USBR 
on 6 x 12-in. cylinders are shown in Fig. 16. It will be observed that in no 
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Fig. 14—Compressive strength of concrete. Cement content 6 sacks per 
cu yd. Tests on 6-in. modified cubes 
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15—Flexural strength of concrete. 
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16—Compressive strength of concrete. 
cu yd. Tests on 6 x 12-in. cylinders 


Maximum variations in strength at various ages by types 
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ease do the concrete strengths reflect the retrogression in strength at later 
ages shown by some of the mortar strength tests. However, the rate of 
strength gain with time varies considerably depending upon type of cement. 
For example, in Fig. 16, note the rate of strength gain shown by Types II, 
IV, and V as compared to Type III. The same tendencies are noted also in 
Fig. 14 and 15 although they are not so marked. 

Neither the 28-day strength results which have previously been discussed 
nor the strengths developed at either earlier or later ages appear to correlate 
in any way with the performance of these cements in the field structures, 
except in cases of exposure to freezing soon after the concrete was cast. 
Under such conditions, the slow hardening cements are at a disadvantage. 
The comparatively large differences in the strength characteristics of the 
cements as revealed by laboratory tests are not, up to the present time, 
reflected in corresponding differences in field performance. This applies 
not only to durability, which is the primary concern of this report, but also 
to structural strength. For example, it has been impossible to relate the 
wide differences in either the 1-day or 7-day flexural strengths of these con- 
cretes as shown by laboratory tests (see Fig. 15) to any measurable differences 
in the performance of the cements in any of the test roads. There has been 
extensive cracking on the New York Test Road. However, there is on the 
average just as much cracking on the sections containing the cements which 
developed high early strength as on the sections containing the slower harden- 
ing cements. Any differences in flexural strength due to cements seem to be 
entirely overshadowed by the effect of other variables such as subgrade 
support, etc. This subject is discussed in some detail in reference 11. There 
has been very little structural cracking on either of the other test roads, 
regardless of the cement. 

The effect of entrained air on the compressive strength of concrete is shown 
in Fig. 17. It will be noted that the reduction in strength due to air entrain- 
ment varied considerably and furthermore that the reduction in strength 
increased, in general, as the percentage of air in the concrete increased. The 
most seriously affected were the specimens containing cement No. 11T and 
16T. In both cases, the percentage of air was above the 6.0 percent maximum 
usually permitted in specifications. In no case, however, was the reduction 
in strength sufficient to adversely affect the structural strength of any of the 
pavements containing these cements. 


Freezing and thawing tests 

Freezing and thawing tests on concrete specimens containing the LTS 
cements were made by USBR* and BPR.® The USBR tests were made on 
3 x 6-in. cylinders with *4-in. maximum size aggregates. A 6-sack mix having 
an average slump of 4 in. was used. Two methods of preliminary curing were 
employed: fog curing for 90 days and fog curing for 14 days followed by 
exposure outdoors for about one year. Specimens were frozen in rubber 
containers filled with water and were thawed in water at 70 F. Minimum 
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Fig. 17—Effect of entrained air on compressive strength of concrete—6-in. 
modified cubes 
Tests by PCA 


temperature of freezing was about 5 F. The two methods of measurement, 
expansion and weight loss, which were used to evaluate results, gave about 
the same indications. In Fig. 18 the number of alternations required to pro- 
duce 0.3 percent and 0.6 percent expansion have been plotted as a bar diagram. 
The data are for specimens given 90 days preliminary fog curing. This 
treatment was somewhat more discriminating than the treatment involving 
the one year curing in air following 14 days moist storage. 

This chart illustrates very well the markedly superior resistance of the 
air-entrained concrete. Of the group of six air-entrained concretes, the 
specimens which contained cement No. 12T were the only ones that failed 
to endure at least 500 cycles before reaching 0.3 percent expansion. The 
air content reported for this concrete was 3.5 percent, somewhat lower than 
for the concretes containing the other air-entraining cements. 


























LONG-TIME STUDY OF CEMENT PERFORMANCE 187 

































25 T a 
v 6 6 
a x 
o | 3 S 7 
= f c | S « > | 
y | | < 
& ¢ 
- : 
x — N ee 
| 
x S&S 
5 
pe Ss 
© y x 
t | 
mo | 
C | 
TYPE TYPE TYPE | TYPE TYPE 
+ = 7 Com — — aad Saal r _ _ 
| uu = | 
e & = 
ri | | — | ~S SS _ 
| | | RS 2 
| Re & Pe & 
) | } Li RR & RS 
Re RE RA 
} | BS RS RS R S 
Do | | | RS Ry Se QQ BS 
ee J Se RS AES 
v | RS RS RS RE RS 
2 | aT miIARR RAS 
: / |} 74 | At IZIZ BERBERS 
; i a | . IAAI 1 RS Re RS RS 
z | Ula YAW (ARR ARR 
= a! y 4 , 4 VA VA 4 | VA. ¥ VA | re Re BY SS * 
IPE SA 154 1 1A 4A La WW 414A BS RS ORO 
Cement No. 2 13 14 1S 1% 17 16 2 22 23 2% 2% HN 33 4H 41 42 43.43A Si | 127 eT 6B AT 346 428 
Percent Air | 26 24 21 19 15 23 18 1.8 1.6 27 222616 161.2 15 17 22 25 27 29/35 53 42 4352 42 
- NON A.E. CONCRETE —_—————> *—A.£ .CONCRETE—*} 


Fig. 18—Freezing and thawing tests of concrete—3 x 6-in. cylinders 
Tests by USBR 


In view of the predominating influence of air entrainment, the relatively 
small differences in the resistance of the non-air-entrained concretes (all of 
which contained less than 3 percent air) do not seem to be of great importance. 
However, there is the suggestion of a relationship between the C;A content 
of the cement and durability. For example, the three cements with the 
highest resistance to freezing and thawing (No. 43A, 51, and 23) all have 
less than 6.0 percent C;A and the four cements with the poorest resistance 
(No. 18, 33, 31, and 15) all contain more than 10.0 percent C;A. On the 
other hand, cements No. 11 and 12, both showing good resistance have more 
than 12 percent C3;A. It is questioned whether differences in C;A content 
per se greatly influenced the behavior of these test specimens. It is probable 
that other factors unrelated to composition, such as the physical structure of 
the cement paste, the size and distribution of air voids in the paste, ete., 
played a more important role in protecting the concrete than did the chemical 
composition of the cement. 

So far as air entrainment is concerned, the laboratory freezing and thawing 
tests correlate well with field performance to date. The laboratory tests 
indicate also that, among the non-air-entraining cements, the Type IV 
cements, as a group, were somewhat more durable than the other types. 
This trend is reflected in the performance at Naperville where the 414-sack 
mix boxes made with the Type IV cements show, in general, less deterioration 
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than comparable boxes containing the other cements, and on the New York 
Test Road where less scaling has been observed on sections containing the 
Type IV cements. However, it is believed that the relatively small differ- 
ences in frost resistance of the non-air-entraining cements shown by these 
tests are of minor importance, insofar as producing frost resistant concrete 
in the field is concerned. This is particularly true when compared to the 
major influence of air entrainment on durability. 

The results of freezing and thawing tests made by BPR are shown in Fig. 
19. These tests were made on 6!o-sack, 5-in. slump concrete specimens that 
were over a year old when tested. During this period the specimens had been 
subjected to intermittent curing which involved four alternations of 7 days 
in water followed by 90 days drying at 50 percent relative humidity. The 
specimens were 3 x 4 x 16-in. prisms frozen in water at about 0 F and thawed 
in water at 70 F. A slow 24-hr cycle was used. The effects of freezing and 
thawing were evaluated by measuring the loss in dynamic modulus of 
elasticity at the end of 50 cycles.* 

Except in one respect, the BPR tests indicate about the same trends as 
the tests made by USBR. In the BPR tests certain of the non-air-entraining 
cements, such as cements No. 15, 17, and 21, showed comparatively higher 
resistance than did the same cements in the USBR tests. Also, in the BPR 
tests the Type IV cements as a group developed much higher resistance 
than in the USBR tests; in fact, they were just about as resistant as the air- 
entrained concrete. The long continued curing may have contributed to 
this result. 

- My le nar ah ne 7 Test for Resistance of Concrete Specimens to Rapid Freezing and Thawing in 
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Fig. 19—Freezing and thawing tests of concrete—3 x 4 x 16-in. prisms 
Tests by BPR 
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Fig. 20—Freezing and thawing tests of concrete cores from Project 1— 
New York Test Road 


The results of freezing and thawing tests of cores taken from the New York 
Test Road, as determined by two laboratories, are shown in Fig. 20. The 
results correlate with service behavior insofar as the effect of air entrainment 
is concerned. However, as in the case of the other laboratory freezing and 
thawing tests, wide differences in the resistance of the various non-air- 


entraining cements are not reflected in service behavior. 


SUMMARY 


A brief summary of the major indications of the laboratory tests, as revealed 
by the foregoing discussion, follows. 

1. Laboratory freezing and thawing tests of concrete correlate well with 
field performance in showing the marked improvement in durability that was 
obtained by the use of entrained air. 

2. Laboratory freezing and thawing tests conducted by USBR indicate 
a fair correlation between the durability of concrete and the computed 
C;A content of the non-air-entraining cements, cements of low C;A_ being 
the more durable. Corresponding tests by BPR indicate a similar improve 
ment in the case of cements that are low in both computed C,8S and C,A 
that is, the Type IV cements. USBR and BPR tests seem to correlate fairly 
well with performance on the New York Test Road where less surface scaling 
has been observed in sections containing the Type IV cements, and with 
performance at Naperville where in the case of the lean mix (4)5-sack) th 


I 


boxes made with the Type IV cements show, in general, less deterioratio1 
than comparable boxes made with the other cements. Neither laboratory 
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series correlates with performance at Cape Cod where there are only slight 
indications that durability is affected by cement composition. 

3. There is no correlation between fineness of cement as measured by 
either Wagner turbidimeter or the Blaine air permeability test, and the 
field performance of the concrete. Cements ranging in fineness (Wagner) 
from about 1650 sq em per g to about 2800 sq cm per g have performed in 
an equally satisfactory manner on all three of the subject projects. 

4. Autoclave expansion tests of the cements correlate with field performance 
in concrete only to the extent that the Type IV cements have, in general, 
somewhat lower expansion than the other types; however, there are many 
exceptions as reference to Fig. 4 will show. 

5. The various types of mortar strength tests, as well as the compressive 
and flexural strength tests of concrete, reveal considerable differences in the 
strength characteristics of these cements that, so far, have not been reflected 
in field performance, either from the standpoint of durability or structural 
stability. 

6. Wide differences in the premature stiffening tendencies or in the 
bleeding characteristics of these cements, although affecting placing and 
finishing operations to a considerable extent, have not, up to the present 
time, resulted in corresponding differences in the field performance of con- 
crete containing these cements. 

7. The results of the autoclave test made on clinkers from which the 
LTS cements were manufactured show no correlation with field performance. 

8. The results of the “sugar” test and the “floc” test do not correlate in 
any way with field performance. 

9. Differences in the drying shrinkage of these cements appear to be with- 
out significance from the standpoint of field performance. 


CONCLUDING STATEMENT* 


In the foreword it was stated that one of the major objectives of the Long- 
Time Study was to determine the significance, in terms of service behavior of 
concrete, of the many laboratory tests that have been developed from time to 
time in an effort to define desirable characteristics of portland cement. The 
discussion up to this point has been directed entirely along this line. It has 
been shown that, of the many physical tests that were made on the LTS 
cements under the original program, only one, the test for air content, is of 
any value in indicating relative resistance to freezing and thawing (see para- 
graphs 1 and 3 to 9 inclusive of preceding summary). In the case of chemical 
composition, there is some evidence that non-air-entraining cements of Type 
IV composition will produce concrete of somewhat greater frost resistance 
than the other types (paragraph 2). The results of certain laboratory freezing 
and thawing tests, as well as present indications on two of the LTS projects 
(the New York Test Road and the Naperville test plot), seem to point in 


*Prepared jointly by Hubert Woods, Director of Research, Portland Cement Assn.—a member of the Advisory 
Committee—and the writer. 
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this direction. However, there are many inconsistencies not only in the 
laboratory data but in the field projects as well. For example, in the 6-sack, 
8-in. slump concrete mix at Naperville (row E3), the boxes containing the 
three Type III cements have all performed as well as the comparable boxes 
containing the Type IV cements and, in general, better than the boxes con- 
taining the Type I or Type II cements. Any conclusion regarding the 
superiority of the Type IV cements would certainly not apply to this par- 
ticular mix at Naperville. On the other hand, in the 4'%-sack, 8-in. slump 
concrete mix at Naperville (rows D6 and E6) the boxes containing the Type 
IV cements are generally in much better condition than the boxes made with 
any of the other types. No reasoning based on composition alone can be 
advanced to account for these differences in behavior, and this raises a question 
as to whether cement composition per se is a significant factor in resistance 
to freezing and thawing. In view of this question, it would indeed seem 
wise to investigate other sources of information before reaching any final 
conclusion in the matter. 

In the ten-year report of the Long-Time Study which was published in 
1953,’7 the final conclusion referred to the ‘‘unexplored physical properties 


’ 


or physico-chemical aspects” of the problem of durability as of much impor- 
tance and recommended that ‘‘greater emphasis be given to more fundamental 
properties of the cements and the pastes they form.” During the 14 years 
since the Long-Time Study project was started, many studies of portland 
cement concrete have been undertaken. The following section discusses 
some of the implications of this work, particularly in relation to the observa- 
tions of the Long-Time Study and especially as to the problem of cement 
composition and its possible bearing on the resistance of concrete to freezing 
and thawing. 

The hardened portland cement paste in concrete may be damaged by 
chemical agents such as acids or sulfate solutions and by purely physical 
causes. It is now generally recognized that damage by freezing and thawing 
is a physical matter. It is known that even well-cured pastes of normal 
water-cement ratios can contain large amounts of water that can be frozen. 
The internal pressures produced by freezing this water may cause damaging 
stresses unless something is done to circumvent them. It is also recognized 
that the behavior of the paste in freezing and thawing depends entirely upon 
its physical characteristics, that is, its porosity, permeability, capacity for 
freezable water, strength, and elasticity. Consequently, cement composition 
can have a significant influence upon the durability of cement paste in freez- 
ing and thawing only insofar as it may have a significant influence upon some 
or all of these physical properties. 

During the early stages of hydration, pastes made with cements of different 
compositions do differ in physical characteristics. Some cement compositions, 
such as Type III, react much faster than others, such as Type IV. Con- 
sequently, if the paste structures of various cements are compared after 
short curing times, significant differences will be found. With longer curing, 
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these differences tend to become much less. Although it would be incorrect 
to say that there are no final differences in paste structure due to cement com- 
position, it nevertheless remains true that such differences as have been found 
to exist are relatively small in comparison with the very great similarities. 
Thus all thoroughly cured pastes having about the same water-cement ratio, 
have relatively low permeability and nearly the same high porosity and 
capacity for freezable water, and roughly the same strength. Therefore, we 
should not expect thoroughly cured pastes of different cement compositions 
to have greatly different inherent resistances to freezing and thawing. 


We can go further than this. Knowing something of the capacity of such 
pastes for freezable water and of their strengths and other physical proper- 
ties, we can say that none of them ought to be inherently resistant to freezing 
and thawing. Laboratory tests on air-free pastes have shown a very low order 
of durability. Laboratory freezing and thawing tests of non-air-entrained 
concretes made with cements of various compositions have also shown a 
relatively low order of resistance, although specimens made with different 
cements may disintegrate at different rates. However, the order of failure 
in one series of tests may be quite different from the order of failure in another 
series in which a different curing procedure is used. Probably all such results 
have also been influenced by the small and variable, but important, amounts 
of air which are in virtually all concrete, even in the absence of an air- 
entraining agent. 


The degree of damage to well-cured cement paste produced by freezing 
and thawing is largely determined by (1) the amount of water which freezes 
in the paste, and (2) the number of air voids per unit volume of paste. It 
is known that the amount of water which freezes cannot be solely or even 
largely controlled by cement composition. Obviously, cement composition 
has nothing to do with the number of air voids present, as this can be con- 
trolled quite independently. It consequently becomes evident that the 
behavior of concrete under freezing and thawing cannot be adequately ex- 
pressed or understood in terms of cement composition. Therefore, questions 
as to what cement composition is best in freezing and thawing, or whether 
one is significantly better than another, appear for all practical purposes to 
be meaningless. 


The importance of the above conclusion can hardly be over-emphasized. 
For many years engineers have been greatly concerned about the role of 
cement composition in the production of frost resistant concrete. The Long- 
Time Study has afforded the only opportunity to observe under comperable 
conditions in the field, the frost resistant characteristics of cements of widely 
different compositions. The results of these observations, as interpreted 
in the light of other studies, both in the laboratory and in the field, lead 
definitely to the conclusion that the inherently low frost resistance of non- 
air-entrained portland cement paste is not significantly altered by changing 
the chemical composition of the cement. 
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Fig. 1—Centering supported by six-legged towers in place for center arch span 


Movable Falsework Speeds Arch Rib Construction® 
By H. R. LENDECKE, C. H. KNIGHT, JR., and P. G. GRIFFIN ¢ 


SYNOPSIS 


Outstanding among the many interesting elements of work on the Colorado 
Freeway arch bridge over the Arroyo Seco in Pasadena, Calif., was the design 
and construction of movable steel centering for the arch ribs. The 1364-ft 
bridge consists of three spans of twin arch ribs plus box girder approach 
spans. The movable falsework and the erection and movement of it is 
described in detail. 


GENERAL DESCRIPTION 


Outstanding among the many interesting elements of work on the Colorado 
Freeway arch bridge over the Arroyo Seco in Pasadena, Calif., was the design 
and construction of movable steel centering for the arch ribs. The 1364-ft 


*Received by the Institute Nov. 29, 1954. Title No. 52-14 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Instirute, V. 27, No. 2, Oct. 1955, Proceedings V. 52. Separate prints are available at 35 cents each 
Discussion (copies in triplicate) should reach the Institute not later than Feb. 1, 1956. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

TResident Engineer and Assistant Resident Engineers, respectively, California Division of Highways 
Sacramento, Calif. 
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Fig. 2—Screws for lowering steel 
towers supporting formwork 





bridge consists of three spans of twin arch ribs plus box girder approach 
spans. The two end arches span 214 ft between spring lines and the center 
arch spans 302 ft. The ribs support a deck varying from 94 to 127 ft wide 
ard 130 ft above the bottom of the arroyo. Each of the center span ribs is 
24 ft wide and varies in thickness from 3 ft at the crown to 5 ft at the haunch. 


CENTERING AND FORMS 
The design was based on the idea of constructing movable falsework from 
materials available to the contractor which would maintain adequate space 





Courtesy California Division of Highways 


Fig. 3—Centering complete except for camber strips and soffit forms 
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for movement of heavy equipment under the falsework. Because the designs 
are similar, discussion will be confined to the center span. 

The substructure of the centering consisted of four steel towers with steel 
column bents adjacent to the piers. Each tower had six legs (Fig. 1) built 
up from 12-in. and 14-in. bearing piles and X-braced with light steel angles. 
Each tower leg was supported on a concrete footing pad resting either on 
timber piles or disintegrated granodiorite bedrock. To allow for lowering 
the towers each leg was set 9 in. high on four 2-in. diameter screw jacks 
(Fig. 2). Grout pads were then placed between the column bases and the 
concrete footings. 

Supported directly by the towers were longitudinal 36-in. 230-lb rolled 
I-beams spliced rigidly together with bolted connections (Fig. 3). The slope 
of each beam followed the general slope of the portion of the arch next to it. 
These I-beams, in turn, supported 12-in. 53-lb bearing piles used as purlins. 
Built up from the purlins were timber stringers, blocking, camber strips 
made of bent 4 x 6’s, 2 x 6 joists, and finally the plywood soffit forms. The 
stringers were at 4-ft centers, while the joists were spaced at 6-in. centers 
at the haunches and 10-in. centers at the crown. 


SETTLEMENT MEASUREMENT 


During the concrete placing operations careful measurements were made 
of all settlements and lateral movements. In addition strain gage measure- 
ments were made on the tower legs to determine the distribution of the 
concrete load during placing operations. In general the results of these 
measurements indicated that the falsework design was fully adequate. 
Settlements in the soffit due to deflection on the I-beams and compression 
in the tower legs reached a maximum of 14 in., within 4 in. of the predicted 
amount. Longitudinal movement at the tops of the towers never exceeded 
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Fig. 4—Bracket pad and 100-ton jack for lowering tower legs 
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Fig. 5—Formwork lowered away from arch showing clearance for moving 


%¢ in. and fluctuated in a manner that indicated temperature changes as the 
primary cause. Results of the strain gage readings showed that the concrete 
load of each section placed was carried almost entirely by its adjacent towers, 
i.e., there was no appreciable shifting of the load into the far towers. 


LOWERING THE FORMS 


Lowering operations began with chipping out the grout pads between the 
column bases and the concrete footings. Attempts were then made to lower 
the towers by means of the 2-in. screw jacks alone. This proved impractic- 
able because of the difficulty in keeping the load on each leg evenly distributed 
among the four jacks with the result that the jacks would freeze. To alle- 


viate this situation, knee brackets were welded on the outside corner tower 
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Fig. 6—Movement of falsework along prepared skidways 
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Fig. 7—Winch for moving falsework t 


legs. Under each of these brackets a 100-ton hydraulic jack was placed to 
carry the load while the screw jacks were being lowered (Fig. 4). The jacks 
had to be lowered approximately 2 in. before all the plywood soffit had broken 
loose from the concrete (Fig. 5). The towers were then lowered an additional 
2 in. until the two lateral steel ‘“‘skid beams’’ rested on 4 x 12-in. greased 
planks. Meanwhile, greased skidways had been constructed joining the 
north rib falsework footings to the south rib footings (Fig. 6). 


MOVEMENT OF CENTERING 


Actual moving of the centering was accomplished as follows. For each 
tower two six-part 9/16-in. cables were strung on pulleys fixed at one end to 


, 


pile cut-offs used as “dead men” and at the other end to the tower leg. The 
free end of each cable was wound on a winch fixed to the tower leg (Fig. 7). 
A gear ratio of 24 to 1 on the winches with six runs of cable netted a mechanical 
advantage of 144 to 1, thus enabling the winches to be operated by hand. 
In this way careful control could be exercised over the relative movement of 
the towers. This was essential since the entire centering had to swing on an 
are as well as move laterally due to a divergence of the two ribs. 

At the center span, which was moved first, friction was so great that a 
uniform movement was impossible. Tension would build up in the cables 
as they were drawn in and then the towers would move suddenly 2 to 3 in. 
The six-part lines were replaced with eight, but sliding was still irregular. 
At the end spans, the contractor smoothed the bottoms of the steel runners 
with a grinder and set hardwood boards on the skid beams, resulting in a 
much easier and more uniform movement. 


On reaching position on the south footings the towers were jacked up to 
grade by the hydraulic jacks and then the 2-in. screw jacks and the grout 
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Fig. 8—View of completed bridge looking toward Pasadena. Old Arroyo 
Seco arch bridge at right 


pads were placed, leaving the falsework ready for the arch rib concrete. 
The completed bridge is shown in Fig. 8. 
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For such discussion of this paper as may develop please see Part 2, 
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Lapped Splices in Reinforced Concrete Beams™ 


By JAMES CHINN, PHIL M. FERGUSON, and J. NEILS THOMPSON 


SYNOPSIS 


Tests on spliced reinforcement were performed under conditions where 
longitudinal splitting was not prevented to study the effect of such splitting 
on bond capacity. Splices were selected as representative of tension lap 
splices that might occur in joining precast beams in negative moment regions 

Failures were mostly of two kinds, horizontal splitting extending through 
the beams at the level of the bars and vertical longitudinal cracks through the 
bottom cover over the bars. Study included effect of the following: beam 
width, cover over steel, length of splice, space between splice bars, bar size, 
stirrups in splice zone, number of splices in a beam, splice position (top or 
bottom), and various cylinder strengths. 

It was found that: increased beam width increased splice strength; increased 
cover increased splice strength in shorter splices; unit bond stress decreased 
with increasing splice length, but not as rapidly as surface area increased; 
splice position had little effect on strength; bar size had an effect on bond 
strength even when cover, splice length, and beam width were constant in 
terms of bar diameters; stirrups increased splice strength; little difference in 
strength occurred between contact and spaced splices; and if bond stress is not 
limited to 175 psi (as against allowable 350 psi) for f.’ = 4500 psi and #6 
bottom bars, a safety factor of 2.5 will not always be obtained. 


INTRODUCTION 


Recent research{t with eccentric pull-out tests and beam tests indicated 
low bond resistance in situations where longitudinal splitting of the con- 
crete was not prevented. This led to concern for splices, where restraint 
against splitting often does not exist. 


The splice tests reported herein were designed to be representative of such 
tension lap splices as might occur in joining precast beams in negative moment 
regions. For this reason, small aggregate, high concrete strength, and low 
slump were used. Each test beam contained either one or two splices, but 
no unspliced bars were included. Since the earlier research had indicated 
that bond failures would usually occur by longitudinal splitting of the con- 
crete, care was taken to see that concrete cover over these splices conformed 
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to standard design practice and that no artificial restraints against splitting 
were introduced. 


The tests were planned as pilot tests to investigate as many variables as 
possible and to establish trends rather than precise values. However, the 
results obtained were so consistent that broader conclusions than would 
normally be expected from pilot tests appear to be justified. 


Lap splices of deformed reinforcing bars have been the subject of three 
previous studies reported to the American Concrete Institute. All three 
reported longitudinal splitting over the splices. 


In 1945 Ralph W. Kluge and Edward C. Tuma reported* a thorough 
investigation based on beams containing one spliced bar flanked by two bars 
that were continuous and unspliced. Some of the spliced bars appear from 
pictures to satisfy present day specifications for deformed bars. In some 
beams longitudinal cracks along the lapped bars were noted near the maximum 
load. In splices that failed, the average bond stresses developed varied from 
a low of 475 psi for some of the 1-in. round bars to a high of 720 psi for some 
of the 14-in. round bars, both for f.’ = 4700 psi. This was adequate strength 
for the then current ACI Building Code allowable of 0.05 f.’ (not to exceed 
200 psi) but inadequate for the present code allowable of 0.10 f.’ (not to 
exceed 350 psi). 

William T. Walker, in 1949} and 1951,f reported tests of pull-out speci- 
mens intended to simulate splices. Bars were %4-in. round and 1-in. square, 
lapped 8-in. and centered in 8-in. cylinders made from concrete with crushing 
strengths over 6000 psi. These specimens were tested in such a way that 
only one of the spliced bars was in tension and the cylinder was in com- 
pression. All specimens except one failed by longitudinal splitting of the 
cylinder. The high splice strengths obtained are not necessarily representative 
of tension splices with the usual 34-in. or 1%-in. cover. 


S. J. Chamberlin reported§ in 1952 on the spacing of spliced bars in tension 
pull-out specimens. The stress in one bar was transferred to two adjacent 
bars to maintain symmetry. Chamberlin found ‘almost explosive’’ longi- 
tudinal splitting from the shorter splices of his Series I. This splitting was 
artificially restricted in his later series by two measures: (1) the bars were 
centered in large test specimens, 6 x 6-in. cross section for #4 bars and 9 x 9- 
in. for #6 bars; (2) each specimen was reinforced with a spiral of wire. 


Splitting is by no means a new phenomenon, but past emphasis seems to 
have been directed more toward its elimination as a nuisance factor in testing 
than toward a study of its effect upon bond capacity. 


*Kluge, Ralph W., and Tuma, Edward C., ‘“Lapped Bar Splices in Concrete Beams,"’ ACI Journa., Sept. 
1945, Proc. V. 42, pp. 13-33. 

tWalker, William T., “Spaced and Tied Reinforcing Bar Splices,’’ Laboratory Report No. SP-20, Research and 
Geology Division, U. 8. Bureau of Reclamation, Apr. 3, 1949, pp. 1-11. 

tWalker, William T., “Laboratory Tests of Spaced and Tied Reinforcing Bars,"’ ACI Journat, Jan. 1951, 
Proc. V. 47, pp. 365-372. 

§Chamberlin, S. J., “Spacing of Spliced Bars in Tension Pull-Out Specimens,’’ ACI Journat, Dec. 1952, Proc. 
V. 49, pp. 261-274. 
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TEST PROGRAM 
Test specimens 
Splice strength was evaluated from 40 beam tests in which all the tension 
steel was spliced in a region of constant moment. The following construction 
features were maintained for these tests. 
Aggregate size (maximum): 14 in. for 38 beams, 1 in. for 2 beams 
Cement: High-early-strength 
Concrete slump: 0 to 2 in. (concrete vibrated into place) 
Curing: 1 day in forms, 6 days in moist room, | day in air of laboratory; tested at 8 days 
Beam depth to steel: 6 to 7 in., except two beams with bars cast in top had effective 
depths of 12.56 in. 
Compression steel: All beams, usually one #6 
Over-all beam length: 7 ft 3 in. in all cases 
A number of variations in design were used to explore the various factors 
affecting the strength of splices: 
Splices per beam: (a) Two bars in 7 beams (3 spaced, 4 contact); (b) one bar in 33 
beams (2 spaced, 31 contact) 
Bar sizes: (a) #6 bar in 37 beams; (b) #3 bar in 2 beams; (c) 411 bar in 1 beam 
Lap of bars: 7, 11, 16, 24 in. for #6 bars; 5.5 in. for #3 bars; 20.25 in. for #11 bars 
(Theoretical lap by ACI Building Code for .20,000 psi steel stress and 350 psi bond 
stress: 10.7 in. for #6 bars, 5.35 in. for #3 bars, 20.1 in. for #11 bars 
Beam widths: 3.62 to 9.00 in. (3.38 to 7.31 in. per spliced bar 
Cover over splices: 0.56 to 1.70 in. (chiefly 0.75 and 1.50 in.) 
Stirrups around splices: One beam only. (Vertical stirrups were used in outer ends 
of several beams, wherever thought necessary to prevent diagonal tension failures 
Position of splices as cast in beam: 38 beams in bottom, 2 in top 
Cylinder strengths: 3160 to 7480 psi (chiefly 3500 to 4800 psi 
All reinforcing bars were deformed bars (Laclede Steel Co.’s Multi-Rib*) that more 
than satisfied ASTM Specification A-305-51 (Fig. 1). The yield point strength was 
over 57,000 psi, ranging up to nearly 79,000 psi for the #3 bars 
Most of the beams tested contained a single splice with the bars in con- 
tact at the splice. Tests of the first group of specimens indicated no sub- 
stantial differences between spaced and contact splices when beams were 
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Fig. 1—Type of bar used in 
splices 





*Earlier eccentric pull-out tests had_indicated that the splitting tendency from various commercial deforms 
bars differed little. 
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kept symmetrical by including two splices; nor any substantial difference in 
strength between single splice and double splice beams for contact splices. 
In the single splice beams there was a difference in the crack pattern, but this 
seemed not to influence the strength. However, it is noted that beam D2] 
with a single spaced splice gave values below the comparable contact splices, 
D13 and D832, probably due to the large cross moment introduced by the 
splice. 

Test procedure 

Beams were loaded as shown in Fig. 2 with the distance between the center 
supports always in excess of the splice length. (The first seven beams were 
tested on a simple 83-in. span with the splice on the bottom.) This put 
the splice in a region of constant moment. Load was applied in increments 
by a screw-type testing machine and the crack pattern was carefully mapped 
on the whitewashed beam surface. No measurement of steel stress or de- 
flection was made. In most cases, after the test, cracked concrete around the 
splice was removed and the exact concrete cover over the bars measured. 

Companion 6 x 12-in. compression cylinders were made for every beam, 
cured exactly like the beams, and tested on the same day as the beams. 
Data 

The test results are summarized in Table 1. The fifth column of data 
shows nominal clear spacing between bars at splices. Most of the splices 
were contact splices but others show some clear spacing. In beam D1, 
for example, an actual clear side cover of 1.5 in. was maintained, leaving a 
nominal five diameters or 3.75 in. out-to-out of bars. Since the spliced bars 
were in contact, there remained a nominal one diameter or 0.75 in. clear 
between the two splices. Actual bar size, because of the lugs, is approxi- 
mately 1g in. more than the nominal diameter and this reduced the center 
space from a nominal 0.75 in. to an actual 14 to \% in. 

For compactness, the ultimate load has been omitted in Table 1 and the 
calculated f, values substituted. This value was obtained from the relation 
fs, = M/(A, X 0.875 X d). The unit bond stress in the splice was calculated 
on the assumption that this total calculated tension in the bar was resisted 
by uniform bond stress along the full length of the splice. 
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Fig. 3—Side-split failures 
(Top) D35 with 24-in. lap of #6 bar 
in 3.62-in. width, 1.45-in. cover. 
(Bottom) D34 with 12.5-in. lap of #6 
bar in 3.62-in. width, 1.49-in. cover 








Type of failures 

In a typical test, moment cracks would first open up outside the splice 
or at the ends of the splice. Moment cracks always appeared at each end 
of the splice well before failure, and usually one or more moment cracks 
developed across the splice itself. Longitudinal splitting cracks developed 
first at the ends of the splice, starting from moment cracks. In short splices, 
complete splitting failure soon followed. In longer splices the splitting cracks 
would gradually develop over a considerable length of the splice with in- 


Fig. 4—Bottom-split failures 
(a) D33 with 20.25-in. lap of #11 
bar in 6.80-in. width, 1.55-in. cover 
(b) D17 with 16-in. lap of #6 bar 
in 3.69-in. width, 0.80-in. cover 
(c) D1 with two bars spliced with 
11-in. laps of #6 bars in 6.75-in. 
c width, 0.75-in. cover 
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creasing load. In all cases the final failure was rather sudden and violent, 


with the final large splitting cracks sometimes deviating considerably from 
the smaller cracks that had been progressing. The cover concrete in the 
splice zone was usually completely shattered. 

Except for four beams (D11, D16, D28, and D37) failing in diagonal ten- 
sion, all beams failed by splitting of the concrete in an approximately longi- 
tudinal direction. Some of these splits were horizontal splits extending 
entirely through the beam at the level of the bars. These are referred to as 
“side splits” (Fig. 3). In other cases, with wider beams or with smaller 
bottom cover, the split consisted of one or more vertical longitudinal cracks 
through the bottom cover over the bars. These are referred to as “bottom 
splits” (Fig. 4). 


DISCUSSION OF RESULTS 

Concrete strength 

Since over-all splice strength depends significantly upon beam width, 
cover over the steel, and length of splice, the 40 beams furnished only a few 
valid comparisons between beams different only in concrete strength. Beams 
that failed with bottom splits seemed rather insensitive to concrete strength 
(Fig. 5), but the actual range in cylinder strength was small. Beams failing 
with a side split showed more variation with f.’ as shown in Fig. 6. 
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Concrete Cylinder Strength, f,, psi 
Fig. 5—Effect of cylinder strength upon bond strength for bottom-split failures 
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Concrete Cylinder Strength, f,, psi 
Fig. 6—Effect of cylinder strength upon bond strength for side-split failures 


The comparisons in this paper have been based largely on specimens having 
cylinder strengths between 3800 and 4830 psi, although there are a few having 
strengths of 3580, 5100, and 7480 psi. In the interest of simplicity, and with 
due regard to the general nonstatistical nature of these data, no correction 
has been applied for varying f.’. 
for varying f.’ 


The refinements introduced by correcting 
were consistent, but did not change the picture significantly. 

Beams D38 and D39 made with l-in. aggregate gave low strengths, but 
this probably was due to their low f.’ rather than to aggregate size. Other 
tests have not shown that aggregate size is a significant factor in such cases. 
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Fig. 7—Effect of beam width upon bond strength (f.’ of 3580 psi to 5100 psi) 
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Beam width 

The increase in ultimate bond strength with increasing beam width is shown 
in Fig. 7 for #6 bars and concrete in the 3500- to 5300-psi range. The exact 
shape of the curves is rather more suggestive than exact, but doubling the 
width per splice (from 3.5 to 7.0 in.) seems to add approximately 35 percent 
to the strength. 

Ordinates have been marked with allowable bond stresses as well as ulti- 
mate values, basing the allowable on a factor of safety of 2.5. None of these 
data would support the use of the ACI Building Code allowable of 350 psi 

The data on these tests were remarkably consistent. Hence attention is 
called to one value that has been discarded without any obvious reason 
except that it fails to fit the general pattern of results. Beam D24, plotted 
in the lower right corner, was ignored when a repeat test, beam D40, gave 
a value more in line with other tests. 


Cover under or over bars 

Increased cover concrete adds to the resistance against splitting. It was 
necessary in Fig. 7 to draw separate curves for beams with 0.75- and 1.50-in 
cover under or over the bars. In general, except for the 24-in. splices, doubling 
the cover (from 0.75 to 1.50 in.) added approximately 12 percent to the 
strength. 


Splice length 
The effect of splice length on steel stress developed is shown by the top 


curves of Fig. 8 for #6 bars, and the corresponding effect on ultimate unit 


bond stress by the lower curves. In spite of the fact that ultimate b 
stress decreases as the splice is lengthened, the steel stress does increasé 
with splice length. Doubling the splice length, from 7 to 14 in. (for 3.62 





width and 1.5 in. cover), increases the steel stress by 57 percent, and a three 
fold increase, from 7 to 21 in., doubles the steel stress 

: While the ACI Building Code allowable stresses of f, = 20,000 psi and 
u = 350 psi require only a 14.3-bar diameter lap for bottom bars, it shoul 
be noted that this 10.7-in. lap (for #6 bars) develops only 34,000 psi steer 
stress with the 3.62-in. beam width and 1.5-in. cover. A lap of 13.5 i : 
required to develop 40,000 psi and nearly 19 in. is required for 50,000 psi 
which corresponds to a factor of safety of 2.5. Even the 24-in. lap is 
adequate to develop the usual 60,000 psi vield point strengtn ol i stee 
With an increased width of 7.25 in. and the same cover, a lap of 11.5 


develops 50,000 psi and 15.7 in. develops 60,000 psi 


Bar size 

This investigation was planned on the assumption that bar size 1d pe 
unimportant if lap, beam width, and cover were all kept fixed at a giv 
number of bar diameters. Beams D31 and D36 with #3 bars 


to beams with #6 bars lapped 11 in., a width of 7.25 and ) 
but the #3 bars gave bond strengths averaging neariv 19 percent higher 
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Fig. 8—Effect of length of lap upon steel stress and bond stress at failure 
(f.’ of 3580 psi to 5100 psi) 
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than the #6 bars. In like fashion, beam. D33 with #11 bar splice was similar 
to beams with #6 bars lapped 11 in., a width of 3.62 in., and cover of 0.75 in., 
but its bond strength was only 85 percent as great. Hence it appears that 
#11 bars might be only 71 percent as effective as #3 bars when splices are 
designed on the same basis; with bar cover maintained at the same 0.75 or 
1.50 in. for all bar sizes (as in practice) the difference in strength would 
probably be increased. The variation of strength with bar size may be due 
to the fact that more moment cracks develop across the longer splice; and 
moment cracks are weak points from which longitudinal splitting starts. 


Casting of bars in top of beam 

The bars of beams D27 and D28 (d = 12.56 in.) were top bars as defined 
by the ACI Building Code. The code limits the bond on such bars to 70 
percent of that on bottom bars, but these beams gave 97.5 and 89.5 percent 
of the bottom bar strengths, respectively. The 89.5 value represents a 
diagonal tension failure and is not a real sign of bond weakness. Carl A. 
Menzel* has shown that the reduction in strength is much less with con- 
cretes of low slump vibrated into place. The better showing of these top bars 


Is probably due to the use of such concrete. 


Ties around splice 

Since all splice failures involved splitting of the concrete, it is not surprising 
that beam D37 with #2 stirrups at 3-in. centers along the splice gave much 
higher strength. This beam failed in diagonal tension outside the splice 
zone, but nevertheless had already reached a bond stress of 856 psi in the 
splice and a calculated steel stress of 50,500 psi. This indicates that the 
ACI Building Code under these conditions will probably develop a factor of 
safety of at least 2.5. It appeared that the splice was too near failure to have 
developed the yield point (57,000-67,000 psi) of this steel. 

This one test seems to indicate that ties or stirrups may well be a practical 
alternative to greatly lowered allowable bond stresses for splices and the 


corresponding greater splice lengths. 


Bond splitting adjacent to moment cracks 

A cracking pattern that deserves further study developed in some of these 
beams (totally separate from splice action). Fig..9 and 10 show longitudinal 
cracks (marked with arrows) starting from moment cracks in beam D19. 
The calculated bond stress leading to these full cracks was only 382 psi, 
based on u = V/Zojd. The cracks actually started at a calculated bond 
stress of 255 psi and developed gradually with increasing load. Other longi- 
tudinal cracks show just to the right of the splice but still in the constant 
moment section. This beam had 1.06 percent steel and 1.70 in. cover over 
the bars. This splitting outside the splice zone showed on over half of the 
specimens that failed with a bottom split, starting at calculated bond stresses 


_ *Menzel Carl A Effect of Settlement of Concrete on Results of Pull-Out Bond Tests Research Bu 
No. 41, Portland Cement Assn., Nov. 1952. 
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Fig. 9—Longitudinal split- 

ting cracks outside constant 

moment section of beam 

D19 (16-in. lap of #6 bar 

in 7.31-in. width, 1.70-in. 
cover) 








Fig. 10—Location of longi- 

tudinal splitting outside of 

constant moment section in 
beam D19 





as low as 220 psi. It is apparently associated with the concentration of 
bond stress adjacent to cross cracks. 


CONCLUSIONS 
Splices 

Although this was a pilot investigation rather than an extensive one, the 
following conclusions seem to be definite. 

1. All splices failed with a splitting failure, usually at relatively low and 
unsatisfactory stresses. 

2. Splice strength was increased by as much as 15 to 40 percent by doubling 
the beam width, from 3.62 to 7.25 in., #6 bars. 

3. Splice strength in the shorter splices was increased 7 to 15 percent 
by doubling the cover, from 0.75 to 1.50 in. The effect was small in 24-in. 
lap splices. 

4. Bottom split failures were not sensitive to small changes in cylinder 
strength, but when a side (horizontal) split occurred, a 97 percent increase 
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in eylinder strength (from 3800 to 7480 psi) increased the splice strength 
37 percent, for an 11-in. lap of #6 bars. 

5. The average unit bond strength decreased with increasing splice length, 
but not as rapidly as the surface area increased. Compared to an 11-in. 
lap (#6 bars), a 16-in. lap splice was 19 to 28 percent stronger, a 24-in. lap 
was 60 to 68 percent stronger. 

6. Splices cast in the top of the beam were only 3 to possibly 8 percent 
weaker than bottom bar splices, probably due to the small water gain with 
vibrated concrete of near zero slump. 

7. The assumption that bar size was an unimportant variable when splice 
length, beam width, and bar cover were all expressed in bar diameters proved 
untenable. Compared to #6 bars under seemingly comparable conditions, 
#3 bars averaged 18.8 percent stronger in bond and a #11 bar was 15.5 percent 
weaker in bond. 

8. Stirrups or ties around a splice increased its strength more than 45 
percent. The splice with stirrups was the only one that developed a factor 
of safety of 2.5. 

9. Design of splices without ties might well be based on diagrams similar 
to Fig. 8. 

10. If no special limitations are placed on beam width, bar cover, or the 
use of stirrups, the design will not always give a factor of safety of 2.5 unless 
the bond stress for #6 bottom bars is limited to 175 psi (for f.’ = 4500 psi), 
that is, to half the present 350 psi allowable. 

11. These tests confirm earlier tests (by Walker and Chamberlin) which 
showed little difference in strength between contact and spaced splices. 


Progressive longitudinal cracking 

Progressive longitudinal cracking over bars adjacent to moment cracks, at 
relatively low bond stresses, needs further study. 
Diagonal tension strength of beams 

Four beams failed in diagonal tension at values of v from 0.0359 f.’ to 
0.0470 f.’, indicating a low factor of safety when v = 0.03 f.’ is used in design. 
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Theoretical Basis of Pressure Grout Penetration’ 
By BRUCE E. CLARK+ 


SYNOPSIS 


The basic properties of grout which determine its suitability for penetration 
and filling of openings are its flow characteristics, mobility retention, bleeding, 
particle sizes, and quality after set. These qualities are discussed, particularly 
flow characteristics, which for grout includes the properties of plasticity and 
thixotropy. Suggestions are given for evaluating the suitability of grout for 


various field uses based on laboratory tests of these properties 


INTRODUCTION 


The fundamental principles involved in grout penetration are well estab- 
lished, but the writer has never seen them assembled together. From a study 
of the basic properties of grout it is possible to determine what changes to 
make in normal grout properties to proportion grout mixtures that are better 
adapted to special purposes, and thus achieve more efficient and effective 
grouting. The following discussion is limited to portland cement grout mix- 
tures. However, the same fundamental principles would apply to other grout- 


ing materials. 


KEY PROPERTIES OF GROUT 


The properties of grout which control its ability to penetrate and fill openings 
are chiefly: (1) flow characteristics, (2) mobility retention, (3) bleeding (or 
sedimentation), and (4) particle sizes (particularly maximum particle size 
In addition, the quality of grout after set must be considered. 


Flow characteristics 

The mobility of fluidity of a grout determines how fast it will flow in a given 
passage under a given pressure. Furthermore, the more mobile a grout is, the 
less the pressure loss when it flows, so that the grout may travel further from 
the injection point. The mobility of grout is reduced or increased as the water- 
cement ratio is reduced or increased (Fig. 1). The flow resistance of a sus- 
pension of a given water-solids ratio depends on the specific surface of the 
suspended particles (higher specific surface increases flow resistance) and 
particle shape (angularity increases flow resistance), on the degree of floccula- 
tion or interparticle attraction (flocculation increases flow resistance), and on 


*Received by the Institute Mar. 19, 1954. Title No. 52-16 is a part of copyrighted JourRNAL or THE AMERICAN 
Concrete Institute, V. 27, No. 2, Oct. 1955, Proceedings V. 52. Separate prints are available at 50 cents eac! 
Discussion (copies in triplicate) should reach the Institute not later than Feb. 1, 195¢ Address 18263 W. MeNichols 
Rd., Detroit 19, Mich. 
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the chemical reactivity of the suspended material with water (or the viscosity 
of the liquid medium) [adapted from Powers,' p.41, footnote]. 

Thin grouts are viscous or Newtonian fluids, but as the W/C is reduced, 
a point is reached where grout becomes plastic. Fluid or viscous grouts have 
their particles in temporary suspension. In plastic grout, the particles are 
close enough together to form a sort of structure so that it has at least a little 
shear strength and is technically a solid. The exact W/C at which cement grout 
changes from liquid to plastic depends on the agitation of the mix, type of 
cement, and all other factors controlling grout consistency. For example in 
Fig. 1, this occurs at a W/C of approximately 0.9 cu ft per bag. Consistency 
of a viscous fluid may be expressed by a single figure, the viscosity, usually 
expressed in centipoises. No such simple measurement exists in-the case of a 
plastic. To illustrate this, Fig. 2 shows flow resistance plotted against rate of 
flow for water for a viscous neat cement grout of 1.0 W/C, and for plastic 
neat cement grouts with W/C ratios of 0.75 to 0.55.* Flow properties of water 
and the viscous grout mix may be expressed by the slope of their flow curves, 
which is a function of the viscosity. Plastic grout mixes, on the other hand, 
produce flow curves which show a minimum flow resistance or yield value, 
below which they will not flow. A conventional one-point viscosity test of a 
plastic will give an apparent viscosity which would be characteristic of a 
viscous liquid of entirely different flow properties, such as might be represented 
by the dashed lines Oa or Ob. 

The high flow resistance necessarily associated with plastic grout mixes 
makes them difficult to place in fine openings and requires the use of high 
pressures if the grout is to be forced very far. On the other hand, if a grout 
leak is to be plugged, a highly plastic grout is preferable as it can be more 
readily placed but resists the tendency to flow under the force of gravity 
alone. A highly plastic grout is also desirable if sand is to be added to the mix, 
to prevent the settlement of the sand, yet permit the grout to be pumped 
readily. 


*A description of grout testing and equipment is given in Appendix A, p. 222. 
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Fig. 2—Flow curves of neat cement grouts 


Plastic flow is complicated by the phenomenon of thixotropy. Thixotropy 
is a breakdown of plastic flow resistance caused by hydraulic shear (flow 
accompanied by a rebuilding of the flow resistance when the material is at 
rest. Fig. 3 shows a typical example of thixotropic flow behavior. Curve AB, 
the upcurve, shows flow relations as the rate of flow is progressively increased. 
Curve BC, the downcurve, shows flow relations as the rate of flow is progres- 
sively decreased. If the rate of flow is not immediately decreased after point B 
is reached, further breakdown occurs resulting in curve DE when the down- 
curve is run. Thus, curve BC shows the effect of thixotropic breakdown due 
to rate of shear, while curve DE shows the added effect of time. The area of 
the loop made by the respective curves represents the degree of thixotropic 
breakdown. Flow resistance which breaks down due to high rates of flow is 
rebuilt slowly, if at all, until the flow is stopped or nearly stopped. The curves 
of Fig. 2 were upceurves. It was not possible to obtain a continuous upcurve- 
downcurve with the type of viscometer used, but the lower portion of each 
is easily obtained. 
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Fig. 4 shows curves obtained at four thixotropic levels for 0.65 W/C neat 
cement grout. The grout at the lowest thixotropic level (curve A) had been 
undisturbed for 10 min. The grout at the highest level (curve D) had just 
been mixed. One may well ask whether these changes in grout consistency 
are actually thixotropic, or rather due to other causes such as sedimentation 
(bleeding) or hydration. Sedimentation had certainly taken place in the case 
of curve A, but amounted to less than 1 percent, which is hardly enough to 
account for the great increase in flow resistance. Sedimentation was certainly 
not a factor in the differences between curves B, C, and D, which were made 
immediately after agitation. High speed mixing has no particular effect on 
the setting time of grout, so it probably has little or no effect ort the hydration 
of the cement. The fact that the flow characteristic changes shown in Fig. 4 
are to a large extent reversible, and may be repeated with the same sample 
with similar results, seems to definitely indicate that they are thixotropic. 
Thixotropy is characteristic of virtually all plastics, and there is no reason to 
suppose that the chemical reaction taking place in cement mixtures would 
prevent thixotropic effects from taking place at the same time. 

The foregoing discussion of plastic properties is necessarily simplified. The 
reader is referred to Green® for a comprehensive treatment of the subject. 


Mobility retention 


Mobility retention is the ability of grout to retain its mobility when flowing 
slowly or at rest. The initial mobility of grout is readily controlled by varying 
the W/C, but almost any practical grout mix is somewhat unstable. A high 
initial mobility is obviously of limited value unless enough mobility is retained 
to permit forcing the grout where it is wanted. Viscous grout mixes are un- 
stable because the grout particles are in suspension and will settle, if not 
agitated, until the mix becomes plastic. Plastic grout mixes are usually still 
capable of some bleeding and attendant further settlement, and in addition 
can lose mobility by thixotropy. Hydration of the cement also tends to reduce 
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Fig. 4—Effect of thixotropy on grout flow 


the mobility of a grout at rest. The increased flow resistance which results 
from these factors depends on the flow characteristics of the materials in the 
grout. Mobility retention varies over wide limits, depending on the grouting 
materials used. Fairly high mobility retention is desirable in all grout, since 
low mobility retention can result in serious trouble with clogged pumps and 
lines. Extremely high mobility retention favors grout penetration but would 
in some cases result in waste of grout by permitting excessive grout travel. 
Control over mobility retention would therefore result in more efficient 
grouting. 
Bleeding 

Bleeding consists of a rise of water to the top of grout, accompanied by 
settling of the solid particles. The theory of bleeding has been described by 
Powers.* All viscous and most plastic grout mixes bleed to some extent. The 
amount of bleeding which occurs in a particular case depends on the same 
factors which control flow characteristics—specific surface, particle shape, 
flocculation, and reactivity with water. In addition, the size, shape, and at- 
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titude of the space occupied by grout affects the amount of bleeding that can 
take place. Narrow openings greatly reduce bleeding. This is due to wall 
friction and to lack of opportunity for the weight of the grout particles to 
compact the lower portion of the grout. Further complication occurs in thin 
grouts, where segregation can occur, with the coarsest cement particles at 
the bottom and the finest at the top of a column of grout. The amount of 
segregation depends on the W/C, the grout column height, and the degree of 
flocculation of the grout. 

The settlement of grout associated with bleeding sometimes leaves openings 
only partially filled. However, at least a little bleeding appears to be unavoid- 
able if maximum grout travel and penetration of fine cracks is desired. Non- 
bleeding mixes tend to have low mobility and low mobility retention. Grout 
mixes which are more mobile than neat cement and yet bleed less can be 
obtained by using various admixtures and processes. 


Particle size 

Portland cement consists of small but hard particles. It is self-evident that 
little cement grout can be forced into a crack finer than the coarsest particles 
in the grout (except by using pressure high enough to widen the crack). When 
grout starts entering a crack finer than the coarsest grout particles, the coarser 
particles will accumulate at the entrance to the crack and rapidly build up a 
filter which will stop even the finest particles. The size of openings which can 
be grouted by cements of different degrees of fineness is discussed by Carlson.‘ 
It is difficult to grout extensive openings whose thickness is less than three 
times the diameter of the largest particles in the grout. Machis®: ?- !87-!88 eon- 
cluded that cement particles tend to bridge openings less than several times 
the maximum particle size, except for high W/C grouts, which penetrated 
openings very little larger than the maximum cement particle size. Carlson 
succeeded in grouting cracks as thin as 0.002 in. using special cements. Ce- 
ment screened through a 200-mesh sieve will readily travel through cracks as 
small as 0.010 in. Ordinary portland cement usually has a few particles 
large enough to be retained on a 100-mesh sieve, and may have some which 
will be retained on a 40-mesh sieve or coarser. 


Quality of grout after set 

The eventual qualities usually desired of grout are strength and imperme- 
ability. These properties have been repeatedly shown to be related to each 
other in portland cement mixtures, so it is usually sufficient to test either one 
alone to obtain an index of grout quality. The importance of low water-cement 
ratios in producing high strength and low permeability from portland cement 
mixtures is well known. The W/C’s most used for foundation grouting are 
quite high, commonly ranging up to 3.0 or even 6.0 cu ft per sack. Field evi- 
dence from explorations made after grouting shows that: (a) in some cases, 
high W/C grout may lose its excess water and produce an excellent filling; 
(b) high W/C grout may make a soft unsatisfactory filling. Which result will 
be had in a particular case apparently depends chiefly on the pressure used, 
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how long it is maintained, and the amount of venting that can occur. Past 
experience has shown that normal neat cement grouts cannot be pumped 
into the finest cracks in foundations at low W/C ratios, at least unless ex- 
tremely high pressures are used. It seems probable that by using fluidifying 
admixtures (dispersing agents) lower W/C’s could be pumped with good 
penetration of fine openings. However, the determination of how low a W/C 
grout can be injected in a particular grout hole can only be made in the field. 


EVALUATING GROUT MIXTURES 


The properties desired of grout vary from job to job, from grout hole to 
grout hole, and from one moment to another in grouting the same hole. Grout 
may be intended to seal fine openings, to plug large leaks, or to serve many 
other purposes. The determination of what properties a grout should have for 
each such purpose depends on a combination of experience and logic. Based on 
his own experience, the writer offers suggested prescriptions for grout for the 
most common purposes in Table 1. 


Selection of materials to give a grout with the properties desired for some 
particular purpose by means of laboratory tests is a tricky matter deserving 
much care. Nearly every admixture that can be used in grout will affect 
several if not all the grout’s properties. Therefore, in making comparisons, 
it is necessary to test several or all of the properties for a variety of W/C ratios. 

The means for controlling the five grout properties tabulated is different 
for each of the properties. Flow resistance is controlled by varying a grout’s 
W/C as conditions in the field require. Mobility retention and plasticity 
depend primarily on grout composition, but also on the W/C being used. 
Particle size may be controlled by a choice of materials, and also by mechan- 
ical means such as screening. (Cement may be screened dry, or grout screened 
wet, using vibratory screens.) Higher mixing speed and longer mixing time 
reduce flow resistance, increase plasticity, and reduce bleeding, so the pos- 
sibility of improving grout by better mixing should not be overlooked. 


TABLE 1—GROUT PRESCRIPTIONS FOR VARIOUS PURPOSES 


Large Short Plug 

Grout Finest openings Long distances grout 
properties openings only distances only leaks 
Flow 
resistance Low Medium Low | Medium Medium 
Plasticity High Fairly high High High* 
Mobility High High | Very high* Fairly_low* Fairly low 
retention | | 
Bleeding Little | Little | Moderate Very little Very little 
Maximum Very fine* | Coarse* | Fairly fine (to Coarse (if openings 
particle size | reduce settle- | | leading to leak 

| ment of coarse | | permit 

| | | particles) | | 


*Italics indicate the most es property for each purpose. 
Note: In nearly all cases, fairly high strength and low permeability are desirable. 
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CONCLUSIONS 


The properties of grout which control its suitability for intrusion into large 
and small openings have been described. Tests have shown that it is possible 
to change any of the properties of neat cement grout in either direction. 
Neat cement grout may be regarded as fairly well suited for most purposes 
(with the help of variations in the W/C). However, for any specific purpose 
it is possible to improve on the properties of neat cement grout; indeed, this 
has long been done for some applications. It is believed that by a judicious 
choice of grouting materials and processes, based on laboratory tests, more 
efficient and effective grouting can be done. Such a selection of materials 
would not necessarily add to the cost of grouting. Even where there is an 
additional cost it may often be justified by the better results obtained. 
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APPENDIX A—TESTING GROUT PROPERTIES 


Flow characteristics 

Flow characteristics may be measured with various types of viscometers. Funnel vis- 
cometers such as that described in Portland Cement Assn. Bulletin ST-49° are not suitable 
for thin grouts and give misleading readings with grouting materials of different specific 
gravities. The usual rotational viscometer described by Green? is not altogether suitable 
for grout because sedimentation tends to change the grout’s characteristics before it can b« 
tested, except in the case of quite thick grouts. The Weltmann automatic recording vis- 
cometer described by Green? could probably be used with cement grout. The Storemer 
viscometer could be used with grout if readings were taken rapidly enough. Several weights 


could be used to obtain different points on the consistency curve, and the instrument could 
be adapted to automatic recording. The Gardiner-Holt Mobilometer is particularly suited to 
grout as it is easy to keep grout stirred while in the instrument. Several weights can be used 
to obtain several points on the consistency curve, as with the Stormer instrument. 
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Fig. 5—Piston type grout viscometer 
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The writer has used a viscometer adapted from the Gardiner-Holt, with automatic record- 
ing on smoked paper and other modifications to better adapt it to testing grout. This in- 


strument is illustrated in Fig. 5 It consists of a lucite piston or bob a) in a evlinder (1 


Above the cylinder is a drum (c¢ The bob is attached to a cord running over the drum and 
attached to it A weight (d) is attached to the other side of the drum at a point which allows 
the weight’s point of attachment to rotate to the bottom of the drum before the bob is pulled 
out of the evlinder. The foree thus applied In pulling the bob out of the evlinder varies as a 
function of the sine of the angle of rotation of the drum A second, small weight (e) is attached 
to a cord passing over the drum to counterbalance the submerged weight of the bob This 
refinement is optional, and is designed to make test results more consistent; satisfactory 
results can be obtained without the counterweight A smoked paper strip is att iched to 
the periphery of the drum. While making a test run the constant speed motor (f) sweeps 
bristles (g) across the smoked paper at 1/5-see intervals. The motion of the drum and bob 
is thus recorded. The force applied at any position of the bob may be computed and its 
velocity at that point measured from the smoked papel record The clearance between bob 
and cylinder should be at least three times the diameter of the largest particles in the grout 
mixes tested. The instrument used in the present study used a cylinder 2.54 em in diameter 


and having a 1.3 mm clearance between bob and cylinder 


Mobility retention 


Mobility retention is tested with the same viscometer used to test flow characteristics, 


after the grout has been allowed to stand a suitable interval, such as 30 min 


TABLE 2—EFFECT OF ADMIXTURES ON GROUT PROPERTIES 


Admixture Flow resistance Plasticity Mobility retention Bleeding 
Jentonite (1 percent Increase lnerease Red Reduce 

Cla 5-15 percent Increase Increase Reduce Red 

Diatomite (2 10 percent Increase Increase Reduce Reduce 

Lime (5-30 percent Little effect Increase ~ t increase Reduce 

Calcium ligno-+ulfonate Reduce Reduce Increase Increase sual! 


4 percent) 


Reduce 





High-speed mixing 
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Bleeding 


Bleeding may be measured in a graduated cylinder or with the Powers apparatus,* which 
requires a special float that will float on grout but not water. 


Maximum particle size 
Maximum particle size can be determined with a microscope. Because of the small per- 
centage of the largest particles, it is best to first remove the fines with a screen. 


APPENDIX B—EFFECT OF VARIOUS ADMIXTURES 


Although the writer’s studies have been directed primarily toward basic principles, pre- 
liminary tests were made of numerous admixtures for their effect on cement grout. Because 
of the limited scope of these tests, the results will not be given. However, as a guide to other 
workers, a brief tabulation is given in Table 2 of some important grout admixtures and their 
effects on cement grout. Obviously, there are many more materials that could be used in 
grout to control its properties. ACI Committee 212’ has listed nearly every possible admix- 
ture and describes its properties. In addition to admixtures, various types of cement have 
special properties that could be of value in some grouting applications. Besides the usual 
Types I to IV, there are portland-pozzolan, plastic, slag, and several kinds of oil well cement. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNAt. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 
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Design of Effectively Bonded T-Beam 


By TUNG AU* and JOSEPH C. WATTSt 


In reinforced concrete T-beam construc- 
tion, it is required that the slab and beam 
shall be built integrally or 
effectively bonded together.” 
stories of a reinforced concrete building, this 


“otherwise 
For the upper 


provision seldom presents any problem since, 
more often than not, the floor system is 
placed monolithically. In the framing of a 
ground floor, however, it is not uncommon 
to place the beams in advance so that the 
formwork can be removed prior to placing 
the slab on soil. This practice naturally leads 
to the question: How can such a T-beam 
be considered as effectively bonded? 


Several solutions 

There are several solutions to this problem 
which may satisfy the contention of engi- 
neers and local building authorities, Some 
believe that the adhesion between the beam 
and the slab will be adequate if the top of 
the beam is roughened before casting the 
slab and if a longitudinal key parallel to the 
beam is provided to prevent horizontal 
movement at the construction joint. Thus, 
stirrups are added only if the computed 
shearing stress exceeds the allowable diagonal 
tension in concrete. Others insist that 
stirrups must be designed to take all the 
horizontal shearing stress which will occur 
at the construction joint because the adhesion 
between beam and slab is not considered 
reliable and should therefore be neglected 
completely. However, the amount of steel 


in web reinforcement computed on such a 
basis is, in many cases, exorbitant. Without 
the benefit of convincing test results or 
specified requirements in codes of practice, 
many engineers are inclined to adopt a 
rational compromise of relying partly on 
the adhesion between concrete and partly 
on the extra vertical stirrups arbitrarily 
chosen. Such practice has been accepted 
by many building authorities including 
those in localities where earthquakes may 
occur. 


Another approach 

Recently, the writers encountered this 
familiar problem in connection with a proj- 
ect in Canada. At the suggestion of the 
local building department, the design of 
first floor T-beams was done in a somewhat 
different manner, following the experimental 
conclusions given in a paper entitled “Some 
Recent Experience in Composite Pre-Cast 
and In-Situ Concrete Construction, with 
Particular Reference to Prestressing,”’ by 
Felix Samuely, Proceedings, Institution of 
Civil Engineers, London, England, V. I, 
No. 2, Part III, Aug. 1952. While the 
paper chiefly concerns precast beam and 
in-situ slabs forming a composite beam, the 
method is generalized and applied to ordi- 
nary reinforced concrete construction here. 

Suppose that ‘‘castellations’’ or  trans- 
verse keys are formed at the bonding surface 
between slab and beam as shown in Fig. 1. 
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Three kinds of failure can develop due to 
the introduction of the castellations: 

1. Like an ordinary reinforced concrete 
beam without castellations, failure in diagonal 
tension may take place as indicated by 
dotted line ED’AF; but unlike an ordinary 
beam there is a small portion AD’ in the 
vertical surface which does not offer re- 
sistance to shear or to diagonal tension. 


Hence, if the width of castellation is the 


same as the beam (= b’), we get 
V 
1 = { l } 
b (jd - € 
2. The crushing compressive stress o0 on 


surface BC is obtained from the relation: 
f+qg 

c= t (2 

é 

The depth of castellation e with respect to 
f and g can be chosen so that o does not 
govern the design. Since the allowable 
compressive stress in concrete is high, the 
required depth e seldom exceeds 4 in. On 
the other hand, if e is taken to be too large, 
the area for resisting shear and diagonal 
tension in Eq. (1) will be reduced. 

3. Assuming the adhesion in concrete at 
the construction joint to be negligible, 
horizontal shearing stresses will occur across 
AB and CD. If f & g, as it will for all 
practical cases, the horizontal shearing stress 
across CD is always greater than or equal to 
that across AB. This critical horizontal 
shearing stress is equal to 

f+g .s 

r= — § (3) 

I 
With any desired dimensions for e, f, and g, 
we can check through Eq. (1), (2), and (3) 
to see if v, o, and +r exceed the allowable 
values. Hence, the castellated beam can be 
properly designed. 

Eq. (1) indicates, as in an ordinary rein- 
forced concrete beam, that the shearing 
stress v is numerically equal to the diagonal 
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Fig. 1—Side elevation 
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tension and its allowable value is given in 
codes of practice for different mixes of 
concrete. In Eq. (2), ¢ should not exceed 
the allowable compressive stress in concrete 
and, with reasonable values of e, it never 
does. In Eq. (3), 7 is the horizontal shearing 
stress in a castellated beam which is no 
longer a measure of diagonal tension in 
concrete but rather may be several times 
greater than the latter. This can be verified 
by mechanics of materials and has been 
demonstrated by tests reported in Samuelys’ 
paper, which suggests that ‘‘the permitted 
shear stress in a castellated beam should be 
at least twice the permitted diagonal tension.’’ 
By using this 2 to 1 ratio of horizontal shear 
to diagonal tension, and by using the limiting 
value of f = g at point of maximum shear, 
the castellated beam can be designed to be 
as effectively bonded as an integrally built 
T-beam. 


Advantages 


The over-all advantage of the castellated 
beam is that its reliability in transmitting 
shear at the construction joint can readily 
be proved analytically. With haunches ir 


the slab as shown in Fig. 2, horizontal 
movement in a direction perpendicular to 
the beam can also be prevented. If the value 
of v obtained in Eq. (1) daes not exceed the 
diagonal tension in concrete, no stirrups will 
be required. Otherwise, stirrups will be 
designed to take only the portion of shear 
in excess of allowable diagonal tension. The 
castellations as denoted by f and g in Fig. | 
can be achieved by placing wood blocks of 
width f in required positions in the form- 
work. As shearing stress decreases toward 
the center of the span, the distance g can be 
increased, thus requiring fewer blocks. When 
stirrups are necessary, it is desirable to 
arrange them within the distance g only, to 
prevent interference with the forming blocks 
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Fig. 2—Transverse section 
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Conclusions 

This 
T-beams is 
pertaining to diagonal tension and shearing 
stress the 
codes ip the United States and Canada. It 
is believed to be far superior to the design 
the 





concept of designing composite 


consistent with the basic views 


requirements in present design 


relying simply on adhesion between 


concrete surtaces, and in many cases it can 


be less expensive than the design which re- 


Blast Furnace Slag in Concrete 


By R 

q Considerable interest has been aroused by 
; the controversy extending over the last several 
: months on the Commodore Perry Housing 
Project of the Buffalo Housing Authority 
This project includes six eight-story buildings 
and several two-story buildings of reinforced 

concrete construction. 
Routine tests on concrete cylinders (Engi- 
i neering News-Record, Dec. 2, 1954, p. 25 
i showed that 7 or 8 percent of the specimens 


broke below the required strength, but that 
was not considered cause for serious concern 
about 40 

thar 


However, cores taken days later 


the cylinders 
first 


broke at lower stresses 


i The 


= reported to be indicative ol retrogression, but 


lowe strengths ol the cores were 


this construction was later corrected 


Subsequent reports (Engineering Neu s-Record. 


Eng - 
Jan. 6, 1955, p. 8 

Feb. 24, 1955, p. 25) announced that strengths 
were increasing, even at reduced atmosphe ric 
temperatures 

Why the 
lower strengths of the cores? Was the concrete 
this 


The problem to be solved was: 





deteriorating, and what brought about 
condition? 

One explanation was offered (Engineering 
Vews-Record, Feb. 24, 1955, p. 25) in the 
report of an investigation of the project by 
the Gulick-Henderson 
Flushing, N. Y. In this report it was concluded 


Laboratories, In 


that the low strengths were caused by a chem- 
ical reaction between the component mate! ials 


used in the concrete, the destructive agent 
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being the high sulfate content of the slag ag- 
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quires stirrups to take all of the horizontal 


shear In the latter regard, it 


all de pends 











































whether the extra labor cost in setting the 


wood blocks in castellations can compensate 


While the 


method is not 


for the saving in steel stirrups 


idea of this design new, it 


nevertheless deserves more attention from 


engineers who are interested in good design, 


and who may be faced with this problem 


employed in the concrete The is- 


gregate 
sumption appears to be made that the sulfate 


of the slag reacts, at some stage in the process 


with the alumina of the cement 


to produce 


erystals of calcium sulfoaluminate which 


weaken oO! disrupt the structure 


in looking for a rational 


It may be helpful 


solution of the problem, to examine the pro¢ 


esses by which crystalline calcium sulfoalumi- 


v formed in concrete 


nate may 


Formation of crystalline calcium 
sulfoaluminate 

Portland cement clinker contains tricaleium 
idded to a pu 


the tricalcium aluminate ma 


aluminate If water is 
clinker 


and recrystallize as a hydrate so rapidly that 


the paste is said to have a 


normally is interground with the « 


is therefore refer 


prevent flash set; it 


a retarde The iction by which gvpsun 


retards the set is bv in 


aluminate as It dissolves 


tricalcium 


iorm ol rystaiine caiclum 


By this 


cipitating it in the 


sulfoaluminate action, a relative 


non-setting’’ material is substituted for the 


crystals of calcium aluminate hvdrate whict 


on setting, would produce a rigid paste. The 
crystals of ¢ sulfoaluminate bein 


ileclum 


formed rapidly and in the habit of fine needles 









are completely wccommodated ! paste 
that slowly thereafter ervstallizes around 
them. Their size and form are such that the 
ire not readily observed in sound cement 
paste or concrete Presently, the SO, of the 
gypsum (solubility equivalent to 0.12 percent 
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SO;) is depleted (unless present in excess) by 
the formation of the calcium sulfoaluminate 
(solubility equivalent to 0.005 percent SOs). 
Thereafter, the set proceeds normally. 

If a porous concrete member is exposed to 
permeation by a solution of a soluble sulfate, 
the SO; ions passing through the capillary 
pores of the concrete interact with the residual 
calcium aluminate hydrate to form crystals 
of calcium sulfoaluminate. In this case, growth 
of the crystals exerts a stress against the walls 
of the structure where they are formed. The 
increased volume of the solid phase due to 
that reaction, 227 percent, may be sufficient 
to disrupt the concrete. When this condition 
is observed, compressive and tensile strengths 
of the specimen are markedly reduced and 
the paste becomes filled with fine cracks pene- 
trating the matrix. In the cracks can be seen 
a network of crystals of calcium sulfoalumi- 
nate, readily observable under a low-power 
lens. This appearance is characteristic of 
sulfate attack. 

Crystals of calcium sulfoaluminate are not 
usually detected in specimens of sound con- 
crete. On the other hand, scientists at the 
Bureau of Reclamation (ACI JourNa., Oct. 
1947, Proc. V. 44, p. 106) report that: ‘“The 
development of typical fibrous calcium sulfo- 
aluminate in considerable quantities fre- 
quently accompanies any kind of deterio- 
ration.”’ That is, such crystals are frequently 
observed in ruptured concrete even when the 
crack formation was prior to and quite un- 
related to their development. This conclusion 
has been corroborated by the noted petrog- 
rapher, Dr. L. S. Brown. It has been suggested 
that solution and migration of the aluminate 
and sulfate ions occur in the paste, with 
reprecipitation in the already formed cracks. 

Since it has been shown that calcium sulfo- 
aluminate crystals normally exist in sound 
concrete (though usually in too fine a state 
to be readily observed), and may be seen in 
the pores or cracks of concrete that is dis- 
tressed from various causes regardless of the 
type of aggregate used, their presence cannot 
be interpreted as proof of a destructive sulfate 
reaction. However, if such a reaction were 
occurring from the SO; in the aggregate, it 
is probable that a zone of minute fissures 
would gradually appear radiating out from 
each offensive grain into the paste. Such dis- 
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ruption would be accompanied by diminishing 
strengths. 

A polished section of a core taken from the 
Commodore Perry structure does not reveal 
evidence of distress of that character. The 
interface around each grain is sharp, with no 
evidence of interaction between the grain and 
the matrix; nor were any calcium sulfoalumi- 
nate crystals observed. No evidence was seen 
of any expansion occurring within the grains 
of slag subsequent to their original solidifica- 
tion. ‘This is the usual experience with any 
good aggregate, whether it be rock, gravel, 
or slag. 

On the other hand, the section has the 
appearance that is often associated with ex- 
cessive amounts of water. Characteristics of 
such a condition are a chalky appearance and 
flat lifeless tone, a porous structure and easily 
friable surface, a light weight and high ab- 
sorptivity, a sandy texture, and evidence of 
segregation. It is common experience that 
addition of water, by which a 3- or 4-in. slump 
is changed to a 10- or 12-in. slump, will lower 
the strengths of specimens by as much as 40 
to 60 percent at ages up to 6 months. It still 
happens that additional water is sloshed into 
a batch of concrete when a mix-truck arrives 
on the job. The available evidence would 
seem to give credence to the possibility of 
such an occurrence in the present case. 


Slag in concrete 
Quite apart from the usually understood 
effects of changing the water-cement ratio, 


however, is the not so usually understood 
character and behavior of slag in concrete. 
Blast furnace slag is utilized in the cement 
and concrete industries in several ways: as a 
raw material in the manufacture of portland 
cement, as an admixture with portland 
cement clinker or lime, and as an aggregate 
in concrete. 

The composition of blast furnace slag is 
rariable, ranging from 30 to 50 percent cal- 
cium oxide, 25 to 40 percent silica, 10 to 20 
percent alumina, and 5 to 15 percent mag- 
nesia. Small amounts of manganous oxide and 
ferrous oxide are commonly present, and from 
1 to 2 percent of sulfide sulfur. If the molten 
slag is air cooled (as is usually the case with 
slag used as aggregate in concrete), crystal- 
lization occurs with the separation of a number 
of silicious compounds. But, if the slag is 





























cooled rapidly by quenching in a stream of 
water under pressure (as is usually the case 
with slag used as an admixture in cement), 
the liquid is frozen to a glass and the material 
becomes granular. This variety of slag is 
designated as ‘“‘granulated blast furnace slag.”’ 

A typical analysis of air-cooled slag as used 
in the Commodore Perry project shows the 
following composition: 


Composition Percent Composition Percent 
SiO 37.9 MnO 0.4 
ALO 10.8 SOs; 0.1 
FeO 0.6 5 (sulfide) 1.1 
CaO 10.5 Ignition loss 0.8 
MgO 8.5 


When used as a raw material in cement 
manufacture, slag may be added to the lime- 
stone in such proportions as to form a typical 
cement mix. The manufacturing operations 
are then similar to those in which clay or shale 
are the source materials for the silica and 
alumina. 

Finely pulverized granulated slag, with 
water, is a weak cementitious material, but 
its activity is remarkably increased by the 
presence of calcium hydroxide or gypsum, 
both of 
cements. Crystalline slag is less active but 


which are present in hydrating 
there is sometimes observed evidence of a 
slow interaction with the cement paste result- 
ing in improved concrete. The chemical effects 
of slag on the paste may best be revealed by 
noting the results obtained when the slag is 
employed as an admixture in the cement. 

In several countries in Europe, notably 
France, Belgium, and Germany, carefully se- 
lected granulated blast furnace slag is inter- 
ground with portland cement clinker and 
gypsum, or with hydrated lime, to produce 
what are known as “portland slag cements” 
or “lime slag cements,” respectively. Such 
practice was initiated in Germany in 1892, and 
a vast number of structures attest its satis- 
factory performance. The Portlandzement of 
Germany may contain up to 30 percent slag, 
Eisenportlandzement from 30 to 70 percent, 
and Hochofenzement from 70 to 85 percent. 
French specifications allow up to 10 percent 
of slag in portland ceme it, and 20 to 80 per- 
cent in various other designated types. In 
1951, 34 of the 72 portland cement plants in 
France were intergrinding slag with clinker 
in the production of portland slag cements 
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Before slags could be generally accepted as 
a satisfactory material for use, either as ad- 
mixture in cement or as aggregate in concrete, 
that 
their constituent compounds would react det- 
rimentally with the 
pounds, the sulfide sulfur has sometimes been 
that it 
undergo oxidation and cause expansion of the 
the 


This view has been shown, by a half century 


it was necessary to establish none of 


paste. Ol these com- 


held in distrust on the basis might 


concrete or corrosion of reinforcement. 
of successful use, to be groundless. German 
investigators have demonstrated (Passow, H., 
Stahl u. Eisen, V. 45, 1925, 


p. 344) that a high calcium sulfide content ex- 


and Grun, R., 


erts a favorable influence on the hydraulic- 
ity. British engineers have reported (Parke 
T. W., Special Report No. 19, Iron and Steel 
Institute, 1937) that small amounts of sulfide 
sulfur impart no deleterious effects either in 
plain concrete or on any steel reinforcement. 
Blast furnace cement was placed on the same 
footing with portland cement in Germany in 
1916, and the German Reinforced Concrete 
Committee announced (EKisenportlandzement 


Taschenbuch, Dusseldorf, 1931, p. 54) that 
reinforcement in concrete made with blast 
furnace cement did not behave any differ- 
ently from that in portland cement concrete. 


Although made with portland 


cement free of admixture is generally conceded 


concrete 


to possess Many superior qualities, certain 
recognized as 


Thus 


various agents are commonly added for special 


additive materials are now 


imparting desirable characteristics 
purposes, as to induce air entrainment, im- 
prove workability, premote early strength, 
and control time of set. Experience of Euro- 
the 


selected pozzolans and slags prominently into 


pean engineers brings introduction of 
the picture as desirable additives for specific 
ends. 

In the above paragraphs, emphasis has 
been given to portland slag cements because 
in them large amounts of slag are intimately 
interground with the clinker. Consequently, 
any effect that slag might have on the ulti- 
mate concrete structure would probably be 
vastly enhanced in slag cements above the 
effects that could be observed where the slag 
aggregate. But 
attributable to the 


was used solely as an dis- 
crediting effects, justly 


correct use of a carefully selected and properly 
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prepared slag, have not been established over 
more than 60 years of such use. 

Portland slag cements have not been as 
generally available in this country as in Eu- 
blast 
commonly employed as aggregate in concrete 


rope, but furnace slags have been 


for more than a half century. Such use has 
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provided a market for an industrial by- 
product and, at the same time, assured ar 
important supplement to the usual constit- 
uent materials for concrete construction. Its 
long successful performance justifies confi- 
dence in the 


material as a component of 


sound concrete. 





Prollem4s and Practices 





A series relating to ‘“‘down-to-earth, every- 
day” concrete problems which attempts to give 
brief answers to the more common (and some- 
times uncommon, loo) questions asked about 
concrele design and construction practices. 

To some, the answers will seem simple and 


obvious; others extremely 


may prove to be 
controversial. 
All ACI members are invited to participate 
either 


better, 


by submitting an inquiry, or even 
readers how an in- 
It may well be 


to suggest more 


by telling JouRNAI 
triguing problem was solved. 
that readers will be able 


tical solutions to inquiries than those presented. 


prac- 


Q. Will concrete masonry walls plastered 
direct ‘“‘sweat’’? The average outside tem- 
perature during the winter is approximately 
30 F. Can the core spaces be filled with insu- 


lation? 


A. Condensation or ‘“‘sweating’’ of water 
vapor on walls is due to the difference be- 
tween inside air and wall temperatures and 
the amount of moisture in the air. Concrete 
masonry walls plastered direct will not sweat 
unless the air in contact with them contains 
sufficient moisture and a heat differential 
sufficient to reach the dew point. 

The value of filling the core spaces with in- 
sulation may be lost if the wall construction 
permits access of water or water vapor into 
the cores. A vapor barrier is an essential 
requirement in walls of any heated enclosure. 
Properly used, it will prevent penetration and 
condensation of vapor into the insulation and 
many paint troubles due to moisture blister- 


floor. 


ing. When a vapor barrier is required on th 
interior side of the insulation (normal in in- 
sulating against cold weather), it is usually 
preferable to fur out the plaster and place the 
vapor barrier or vapor barrier plus insulation 
in the space thus created. This construction, 
using 8-in. cinder concrete Masonry, painted 
exterior, furring, plaster board, and 1%-in 
plaster, gives an over-all coefficient of heat 
transmission (U’) equal to 0.25; slightly better 
than a 4-in. brick veneer wall, 2 x 4-in. studs, 
l-in. sheathing, and '%-in. plaster on metal 
lath, which gives U7 equal to 0.28.* 


* * * * 


Q. Forms settled during the first day afte 
casting a slab and beam floor. Cracks oc- 
curred at columns cast monolithically with the 
Can one estimate residual stresses in the 
slab causing these measured 


settlement? 


cracks from the 


A. No. Estimating stresses from deflec- 
tions is valid only when material character- 
istics modulus of 
Actually the 


stresses accompanying a permanent set in 


(modulus of elasticity m 


rupture, ete.) are known. 
this period are probably zero since ordinarily 
concrete has a high plastic flow and little 
elasticity at these ages. Cracks would open 
at low stress in the tension side and subse- 
quent flow on the compression side would re- 
lieve the reinforcement of almost all stress. 
* + +. * 


*See “Thermal Insulation of Concrete Homes,’’ ACI 
JouRNAL, May 1948, Proc. V. 44, p. 849, for a complete 


discussion of methods for calenlating dew points and 
heat loss in various types of concrete wall construction 
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Bridges in. It weighed 28,000 lb and required 391« 


cu vd ot concrete Prefabrication was also 




































Reconstruction of the Canada Bridge = gy) jlied to the reinforcing steel, which was 
at Treguier—Arches of 500-ff span opined 
(in French) 
P. Dantu, E. Gatarp, and G. Lacomse, Trarauz 
Paris), No. 245, Mar. 1955, pp. 299-316 

teviewed by M. W. Jackson 


into a rigid cage and handled b a 


crane, for the deck spans 


Construction of eight bridges of pre- 


j Describes construction of a highway bridge stressed concrete (in French) 
; consisting of two tied arches of reinforced J. Caper, Travaux (Paris), No. 242, Dee. 1954 
“a i a 835-844 
conerete With 500-it spans, 85 It rise Phe Reviewed by M. W 


irches are about 40 ft, center to center, and , 
* Exeavation of a canal between Hautrage 
the reinforced concrete floor system is sup- 
pes and Blaton, France required the construc 
ported by steel cables. rhe arches are of a an 
- : * tion of eight new highway bridges rhe eight 
hollow box section, and vary from 7 ft deep ’ 





pet bridges are described and compared I 
at the crown to 11 ft at the abutments. The . we "a 
; spans varied from 150 to 175 ft. All bridges 
description covers the history and conception 
ta ie , were of single-span, multiple-beams, and of 
§ of the project, design criteria, calculations in- a 
oe ‘ : prestressed concrete T-sections of variabl 
cluding wind analysis, materials used, and am 
depths were prestressed b cables The 


many construction details. There are 31 
| | } | TI ffoldi number of beams varied from five to eight 
adiagrams ane yotographs 1 Scarolding 
6 a. " in the various bridges. Many photographs 
by itself was a worthy project, consisting of 
ae Aghia siatartes oa and charts are included showing various 
an intricate network of pipes. Strain measure- } 
phases of the construction, including details 
ments on the completed structure are re- , : 
ol falsework 

ported. A thorough and complete report of a 





noteenentayy geagert, Off-site precasting aids work on 
Long trestle carries railroad over flood- "*SS'V® Pier shells 
3 way Eight construction steps hasten pier 
Contractors and Engineers, V. 52, No. 3, Mar. 1955, pp work on span 
ss Contra and Engine \ ) N 1A 195 
Following methods developed for the 10-15 
qi Texas Highway Department, economy was Two articles describing the precasting and 
; achieved through prefabricated forms, in- — site work on substructure for the Richmond 
stead of precast concrete, on this 7500-ft San Rafael Bridge across upper San Frat 


railroad bridge. Pier forms were assembled cisco Bay. The ingenious method of adopting 
in large standardized steel shapes to form precasting of sections weighing up to 100 
H-shaped bents, and the entire deck section tons each to cut costs on the $14,000,000 sub 
for each span was cast in a single prefabri- structure contract is particularly interesting 
cated steel form. The deck section measured The construction procedure s eliminate nearly 
almost 16 ft across and had a span of 31 ft 3 all formwork and concrete casting at the site 
_A part of copyrighted JourNaL or THE AMERICAN Concrete Institute, V. 27, No. 2, Oct. 1955, Procees 

V. 52. Address 18263 W. McNichols Rd., Detroit 19, Mich. Where the English title only is given in : v 

the book or article reviewed is in English. If it is followed by a foreign title the work reviewed is in that language 
In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 
original article is indicated in parenthesis following the English title. Copies of articles or books reviewed are not 


available through ACI. Available addresses of publishers are listed in the June “Current Reviews" each year 
In most cases ACI can furnish addresses of publications added later 
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Construction 


Slipform construction (in Dutch and 
German) 


Experiences with slipforms in Scandinavia, Holland 
Germany, as reported in Cement (Amsterdam), No. 
5-6, 1953; No. 15-16, 1954; and Deutsche Betonverein 
Yearbook (Wiesbaden), 1954 
Reviewed by Joun W. T. Van Erp 
Slipforms are increasingly used for cylin- 
drical as well as rectangular structures such as 
silos, storage tanks, caissons, chimneys, in- 
dustrial apartment 
The slipforms are usually 4 ft high of wood or 
steel and are moved up by hydraulic jacks 
climbing along 1-in. diameter smooth jack- 
rods. All jacks move simultaneously about 1 
ft per stroke, lock themselves by ball grips 
on the jackrods. The stroke as well as the 
speed of movement can be controlled from the 
central hydraulic pressure pump. 


buildings, and houses. 


The move- 
ment of individual jacks can be controlled to 
maintain perfect concrete. 
Speed of movement of slipforms is determined 
in the first place by the speed of set of the 
concrete, and in the second place by the speed 
of placement of the reinforcing steel. It is 
usually about 10-15 ft per 24 hr. 


plumbness of 


Prestressing is often used to offset tensile 
stresses in the concrete due to silo loads. It is 
claimed that the concrete in the walls is sub- 
jected to tensile stresses near the surface by 
the sliding forms. For this reason, prestress- 
ing the vertical steel is also desirable. Wall 
thickness is primarily determined by desired 
amount of coverage on the steel. Although 
the temperature differential between 
contents and outside air is 
much as 150F, the actual »temperature 
differential in the concrete itself is only 60 F. 
This causes tensile stresses on the cold side 


silo 
sometimes as 


and compressive stresses on the warm side. 
If no reinforcing were present, the stress in 
the concrete would be about 560 psi for the 
above mentioned temperature differential. 
Wall thickness is usually 7 to 10 in. Typical 
example of a cement silo: 100 ft high, 20-ft 
diameter, 8-in. walls, and 3 ft 3 in. foundation 
slab. 

Although slipforms are used primarily for 
cylindrical structures, numerous rectangular 
structures have also been built with slip- 
forms, such as storage buildings with rectan- 
gular bins, industrial structures like power 
houses, apartment houses up to 12 stories 
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high. Openings in the slipforms concrete 
wall are made by introducing wood forms at 
the proper levels. All vertical members are 
made by the slipform method and floor slabs, 
bin bottoms, and other nonvertical members 
are constructed later after the slipform struc- 
ture is completed. Keys and openings about 
1 ft 6 in. on center for doweling these into the 
slipform structure are made by introducing 
wood forms into the slipform. 


Wall panels, arch beams tilted up on 
school job 
+ Yocee and Engineers, V. 52, No. 3, Mar. 1955, pp. 
A school building in Connecticut required 
some 200 concrete wall panels, weighing as 
much as 32 tons, and L-shaped sections of the 
rigid frame roof supports. The contractor 
estimates that the tilt-up method has cut 
costs between 20 and 25 percent, as well as 
saving time. 


Foundation designed for subsidence 
due to mining 


Concrete and Constructional Engineering 
V. 50, No. 1, Jan. 1955, pp. 17-19 


(London), 


Describes the construction and design of a 
grid-type mat footing designed for large 
settlements due to nearby mining operations. 
The result is a grid of panels approximately 
6 ft square formed by 6 in. wide, 3 ft deep 
foundation beams. The design is based on 
the idea of supporting a building in such a 
way that movement 
affect its stability. 


of the earth will not 


Corrugated concrete shell roofs 
Kurt Buiiuie, Bulletin of the Central Building Research 
Institute, India, V. 1, No. 3, 40 pp. 


Describes the construction and design of 
low cost corrugated concrete shell roofs and 
their application to housing and small in- 
dustrial and storage building uses. The 
largest have been secured in 
materials through the use of a corrugated 


economies 


shape for stiffness and consequent elimina- 


tion of much reinforcement. Economy of 
labor is achieved by elimination of wood 
formwork by using metal ribs covered with 
flexible fabric for forms. Fabrics used in- 
clude paper and burlap. The booklet dis- 
cusses design and load tests as well as con- 


struction methods. 

















Dams 


Progress in design and construction of 
dams (Napredak vu projektovanju i 
gradenju nasuith vodojaza) 
Boapan M. Radscevic, Nase Gradevinarstvo (Bel- 
grade), V. 9, No. 2, Feb. 1955, pp. 183-191 
Reviewed by J. J. PotivKa 
A comparison between earth-filled and con- 
A historical review covers old 
The 


author has investigated causes of damage, 


crete dams. 
dams in Egypt, India, and Ceylon. 


failures, and repair of various dams and 
presents means to prevent them. 


Uplift in dams (A subpressGo nas 
barragens) 


J. Laainua Serarim, Publication No. 55, Laboratério 
Nacional de Engenharia Civil, Ministério das Obras 
Pablicas, Lisbon, Portugal, 1954, 244 pp. 
AUTHOR’s SUMMARY 

A study is carried out of the forces result- 
ing from the entrance of water under pressure 
and their 
The most important of these 


in the body of concrete dams 
foundations. 
forces is that equivalent to a vertical buoy- 
ancy causing tensile stresses, generally called 
“uplift.” 

Chapter 1 presents the general aspects of 
the uplift problem. 
conceptions in connection with the nature of 
uplift is made in Chapter 2 and justifica- 
tions of the wide controversy on this factor 


An analysis of some 


of dam instability are sought. Reference is 
also made to regulations and codes of prac- 
tice adopted in several countries for the 
calculation of uplift forces and constructional 
measures for their reduction. 

Taking as a basis the results of tensile or 
compressive tests of concrete with uniform 
pore pressure (Fillunger, Terzaghi, and 
McHenry), Chapter 3 establishes the signifi- 
cance of “boundary porosity.’’ Theorem and 
equations are developed and several example 
problems worked. Chapter 4 
the differential equation that regulates the 
unsteady flow of water, assuming that Darcy’s 
law is valid. 
work in 


establishes 


Chapter 5 discusses research 
flow of fluids in 
porous media with a view to ascertaining the 


connection with 
validity of Darey’s law when applied to the 
flow of water in such materials as compact 
concrete. 

Chapter 6 deals briefly with the problem 
of initial drying of concrete, with negative 
pressures in the pores due to hydration of the 
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cement, as well as with the saturation time 
of dams and the influence of the capillarity 
Tests 


porosity of 


rise. for determination of boundary 


mortar and hydrated cement 


paste are presented in Chapter 7. A summary 


and bibliography complete the book. 


Model tests, analytical computation, 
and observation of an arch dam 
a. Renta J.L. Serarim, A. F 


{ESSURREICAO Neto, P 
Separate No. 696, May 1955 


The 


these investigations is the evidence of close 


DA SILVEIRA, and 
ceedings, ASCE,V. 81, 
38 pp., $0.50 


most remarkable result achieved in 
agreement between the values of the maxi- 
mum principal stresses at each point as ob- 
served on the prototype and on both models. 
On the other hand, the trial load method of 
analysis led to stresses which are consider- 
ably different from those developed in the 
prototype, and the analytical method of the 
independent arches gave results that are not 
to be accepted at all. The behavior of the 
dam under load was satisfactory except for 
The cracks 


been possible to save concrete. 


leakage. reveal it would have 
In view of 
the high standard achieved in model test- 
ing of accuracy, rapidity, and economy, the 
that 


carried out for all except minor 


authors recommend model studies 
should be 
projects. They state that the only way of 


securing dependable information on the 
practical use of the analytical methods will 
be by systematically comparing results with 


observations of models and prototypes. 


Design 


Tables for the approximate calculation 
of stresses in cylindrical shells 


S. Oxamoro, Procee 
Congress for Applte 


dings of the Second Japan National 
d Mechanics, 1952, pp. 135-138 


Presents solutions to the equations for 


M@¢ previously developed by Timoshenko 
Includes an impressive set of tables for the 


coefficients resulting from the solution. 


Portal frame analysis by moment area 

methods 

J. F. Horripes, The Structural Enginee 

V. 32, No. 8, Aug. 1954, pp. 215-222 
Reviewed by C 


London 

r. SILESS 
The method described is applicable only 
Unknown hori- 
zontal reactions at the base are solved for by 


to frames with hinged bases. 


equating moments of areas for the bending 
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moment diagrams for (1) the loaded structure 
made determinate by removal of the hori- 
zontal reaction and (2) the structure acted 
the 
Examples are given for a flat-top single-bay 


upon by unknown horizontal reaction. 


frame, a peaked roof single-bay frame, and 
structures. Calcula- 
the 


for two- and four-bay 


tion of deflection across knees is also 


discussed 


Secondary stresses: Theoretical studies 
and practical applications (Le autoten- 
sioni. Spunti teoretici ed applicazioni 
pratiche) 

4. Danvaso "emer ) un). V. 50. No 
No Dee. 1953. pr r_4 51, No. 1, Jan 


sS 


11-12 
1954, pp 


MIANULLI 


work (the 
Weingar- 


Reviewed by G 


Using the virtual 


principle of 


distortion method of Somigliano, 
ten, and Volterra) and the reciprocal relation 
geometrical laws, equations 

ite the amount of 

arched structures. The 
is applied in esti- 

two rein- 


stresses ol 


ridges of large span and 


Design of reinforced concrete rigid 
box-type aquaduct 


lL). SAURINDRAM ay 2 
bay Vv. 28. N 6. June 1954 


f té nal 40m- 


A design example is solved by the method 


of moment distribution for a box culvert 


having five square 
15 ft 


openings, approximately 
The loading conditions con- 


dead load, b 


uplift pressure of unbalanced 


square 
sidered are: (a live load or 
water load, (c 


head, (d 


corrections. 


temperature effects, and (e) 
The that the 
may different de- 
signers but the fundamental procedure for 


sway 
author states 


assumptions vary with 


calculation will be the same. 


Design of a flat slab on the circular 
distribution theory 
K. C. Ray and D. B. Roy, Indian Concrete Journa 
Bombay), V. 28, No. 6, June 1954, pp. 229-235 

A purely mathematical investigation. The 
problem is reduced to the analysis and design 
of a circular slab resting on a central solid 
column shaft and loaded by a uniform edge 
or boundary load in addition to the usual 
dead and live load uniform over its entire 
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area. Certain adjustments are made to fit 
the analysis to the practical requirements of 
Reinforce- 
ment is placed in two directions as in a con- 


the material, reinforced concrete. 


ventional flat slab design. 
the 
design 


As might be ex- 
are in fair 
the 
method prescribed by most building codes. 


pected, results agreement 


with following semi-analytical 


Rectangular footings assymmetrically 
loaded 


H. Yan 
No. 5, 


Indian Concrete Journal (Bombay 


May 1954, pp. 177-182 
A set of charts are developed for the design 
of column footings for moment as well as 


direct loads. The principal cases for which 


these charts are applicable are: uplift on 
one corner, uplift on two corners, and uplift 
on three corners. The charts are compli- 
cated in appearance but numerical examples 
that their than 


analysis of individual footings. 


show use is far simpler 


Materials 


Study and applications of pozzolans 
(in Italian) 


Papers presented at the convention on natural pozzo 

lans in Rome, April, 1953, published in Annali d 

Chimica, V. 44, No. 9, Sept. 1954, pp. 569-768 
Reviewed by J. J. PotivKa 


The volume contains the following papers: 
1. Carlo 
and review emphasizing the importance ol 


Mazzetti: General introduction 
natural pozzolans. 

2. Francesco Penta: 
Italy. Pozzolanic 
properties, 


Pozzolans of Lazio 


section of characteristics 


and their permanent cohesior 


(solidification), chemical and mechanical 


resistance. Materials which can be converted 
into pozzolans (voleanic ashes, tuffs, clays 
and shales). Influence of eruptive mecha- 
Baia 


constituents of 


nism on 
Bacoli). 
products contributing to pozzolanic prop- 


Lazial pozzolans (near and 


Essential voleanic 
erties. Classification of Roman pozzolans 
Turriziani: Effect of 
tion on the composition of natural pozzolans 


3. Renato calcina- 
(research by Taylor, Bessey, Kalousek, Wells, 
Striitling, and author). 

4. F. 


action. 


M. Lea: Mechanism of pozzolani 
Reference is made to the work by 
Taylor, Claringbuli, Tilley, and Bernal. 

5. Fernando Parissi: Pozzolanic morta! 


and concrete. Experience proves that pozzo- 











CURRENT REVIEWS 935 


iunic cements can resist sea water. Important 
ictors are discussed: equal quality ol PpOZZo- 
ins used, ratio between pozzolan and cal- 
ium, fluidity the 
nethod of mixing and its duration, means of 


and plasticity of paste, 


setting and hardening. 


Structure = of 
Micro- 


scopic observation (by reflection) of reactions 


6. Bonaventura Tavasci: 


pozzolanic mortars and cements. 
between calcium and pozzolans during hard- 


ening ol pozzolanic cements and mortars 


pozzolans of Segni and Bacoli). Comparison 
with portland cement. 

7. Luigi Greco: Application of pozzolanic 
concretes Behavior of pozzolanic con- 
cretes in sea water compared with ordinary 
the 


varving ratios 


cement concrete, discussed on basis of 


tests made with concrete of 


between calcium and pozzolan, increasing 


from 1:2 to 1:3.5 (in volume). Another series 
of tests Was made under conditions at the con- 


hand 
admixed 


struction site, with concretes mixed by 
with molasses 


It was found that the Bacoli pozzolans with 


ind with morta 


the ratios 1:3 and 1:3.5 gave the best results 
New tests were made with pozzolans having 
the same fineness as cement and higher com- 
pressive strength was obtained. Concrete 
work in the ports of Civitavecchia and Bari 
was examined, and best properties resulted 
with concrete having approximately 15 
percent admixture of pozzolan with the fine- 
ness of cement 

8. Giovanni Malquori: Some  considera- 
tions on pozzolanic cements and their chemi- 


Analyzes 


chemical and chemical-physical phenomena 


eal composition some aspects of 
during the hydraulic activity of pozzolani 
materials and emphasizes the difficultic 

its correct inte 


experimental research and 


pretation. Properties ire described for pozzo- 
lanie cements exposed to alr and sea water 
The 


lerro-oxide in pozzolanic cements 


9. Luigi Santarelli: function of the 


Discusses 


various characteristics of pozzolani 


Al.0,:Fe.O 


baking and longer 


ments: the ratio 


their Cas) setting 


clinkers are free of aluminum, faster harden- 
Ing due to increased te mperature ol hvdratior 


effects ot sulfate water Propertic s of pozzo- 
which iron (Fe.Q;) su 


ALO Final! 


periences and tests during construction of 


lanie cements in 


aluminum 


tutes for 


report ted 


dam in Pieve di Cadore are 


tio: Results of chemical re- 


10. Arturo 
search in pozzolans in pozzolanic cements 
Purpose of this research was to control the 
and the 


reaction of calcium of the clinkers 


alkali of pozzolans during hydration of 


pozzolanic cements Pozzolans of Segni 
and Bacoli were mixed with clinkers of port 
land cement (from 0 to 70 percent), and it was 
found that the highest alkalinity 


those 


resulted in 


mixes between extreme values (30 to 


10) percent ol pozzolan and was increasing 
with time. 
11. Arturo 


pozzolans in 


Rio: Results of chemical re- 


search of cements 


Part Il 


pozzolans and how to preve nt expansion clue 


pozzol LTile 


Behavior of some tvpical Italian 


to reactions of alkali aggregates. In United 


States materials of pozzolanic character are 


used as admixtures to cement to prevent 


expansion of concrete caused b reaction be 


tween some types of aggregates and the alkal 


ot cement Tests were made to verify similar 


behavior of Italian pozzolans For the com 


parison, specifications of Bureau of Reclama 


tion were used for typical natural pozzolans 


of Segni, Bacoli, and Salone, and for Lazial 


siliceous material of Sacrofano All four 


materials showed considerable reduction (80 


Another 


rt ‘ +} 1“ 
out Vitn much 


YU percent) of expansion series ol 


tests was carried smaller 


20) percent 


admixture of 


12. Mario Appiano: 


with rinsing of hy 


pozzolans 


Te sts mace 


dams 
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2/3 portland cement clinker. Both have 
excellent chemical resistance, long hardening, 
and low temperature of hydration. Slag 
cements are also used in France. Recently 
fly ash is being used. 

16. Luigi Mirone: Experience with pozzo- 
lanic cement in construction of Suviana Dam. 
It was the first Italian dam built with pozzo- 
lanic cement (1928-32). At that time pozzo- 
lanic cements had not been 
official codes; however, their characteristic 


considered in 
properties had been investigated. Concrete 
used complied with specified properties and 
its compressive strength steadily increased 
for 4 years. After more than 20 years no 
serious repairs were necessary, despite high 
temperature Near this dam, 
Pavana Dam was leaking and injections of 
pozzolanic cement made the dam impermeable. 

17. Filipo Arredi: Problems of impermea- 
bility of concrete in large hydraulic structures. 
Impermeability is of basic importance espe- 


differences. 


cially for dams. Causes of permeability. Dis- 
cussed are tests with concrete or ordinary and 
cements (of Lazio). Cylindrical 
specimens were taken out of large concrete 
blocks and exposed to hydrostatic pressure. 
Amount of water leaking along the axis and 
radially was measured, and the permeability 


pozzolanic 


was expressed by the equationa = — 1/log u,, 
in which u, is the coefficient of permeability at 
15 C. Purpose of the research was to de- 
termine the relation between permeability 
and characteristic concrete: 
granulometry, water-cement ratio, and tim- 
ing for the same dimensions of the specimens, 
basic ingredients and workability of concrete. 
The value a varied between 0.225 and 0.291, 
the latter referring to highly permeable con- 
crete. The superiority of pozzolanic ce- 
ments was evident compared with ordinary 
cements (30:8). Absolute impermeability of 
pozzolanic cements was obtained for water- 
cement ratio 0.65. 
with ready-mixed concrete 
with pozzolanic cement of lower water-ce- 
ment ratio. 


properties of 


Similarly, good results 


were achieved 


Lightweight aggregates for structural 
concrete 


Aprian Pauw, Proceedings, ASCE, V. 81, Separate 
No. 584, Jan. 1955, 14 pp., $0.50 
Considers only the class of lightweight 


aggregates consisting of expanded argillaceous 
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materials burned in a rotary kiln or sintering 
machine. 
tion, 


Discusses the aggregate composi- 
production, and physical properties. 
the durability of the resulting 
concrete product, effect of physical properties 
of the concrete upon design procedures, and 


Discusses 


considers field problems of mix proportioning 
and control, placing and finishing, and costs. 


Pavements 


Investigation of sawed joints in con- 
crete pavements 

Report PB 111536, Ohio River Division Laboratories, 

}. 8. Army Corps of Engineers, 39 pp., $1 (available 

from Office of Technical Services, U. S. Department 

of Commerce, Washington 25, D. C.) 

This report, which followed an investiga- 
tion of the concrete work at a number of air 
bases and a general study of joint construc- 
tion, states that the procedure which gives 
the best 
cracking of pavements is to saw the joints 


assurance of eliminating random 


consecutively at the required spacing in the 
sequence of placement as soon as the con- 
This 
procedure results in a more uniform opening 


crete can be sawed without damage. 


of the joints during contraction as well as 
the elimination of random cracking. The re- 
port pavement details, sawing 
equipment and procedures, specification re- 


discusses 


quirements, evaluation of sawed joints, joint 
sealing, curing, costs, and general comments 
of construction personnel. It includes 
studies as to the minimum depth of saw cut 
and methods for widening the top of the cut 
to improve sealing with jet fuel resistant 
sealers. 


Pave turnpike with plant-mixed con- 
crete 

Construction Methods and Equipment, Dec. 1954, p. 63 

ARBA TecunicaL INFORMATION DIGEST 

Jan. 1955 

Hauling premixed concrete by truck from a 
central plant and dumping it in front of 
finishing machines proved to be a fast, eco- 
nomical method of paving a 10-mile section 
of the Ohio Turnpike. The job required 
77,000 cu yd of concrete placed 10 in. thick 
in two 24-ft lanes. 

The first machine in the paving operation 
was a spreader which leveled off the concrete 
at a 7 in. depth. This was followed by the 
placing of welded wire fabric reinforcement, 


and this in turn was covered with 3 in. ol 






























oncrete, leveled with a spreader, finished, 
and cured with paper for 7 days. Segrega- 
tion in the plant-mixed concrete was pre- 
vented during the 15-min haul by a center 
baffle in the truck body. Production aver- 
aged 3200 ft of 12-ft lane per 9-hr day. 


Tasks of highway construction in 
connection with traffic safety (Auf- 
gaben des Strassenbaves bei der 
Sicherung des Verkehrs) 
E. NeuMANN, Zeitschrift VDI (Duesseldorf), V. 96, 
No. 28, Oct. 1, 1954, pp. 955-959 
Reviewed by Aron L. Mirsky 
On the basis that lack of traction is a con- 
tributory cause in the majority of highway 
accidents, paper discusses methods of measur- 
ing pavement friction (Riekert’s apparatus for 
establishing values of static and dynamic 
friction of existing pavements is described) 
and some methods of increasing pavement 
friction, such as fluting the surface. 
Design for continuously reinforced 
concrete pavement 
W. R. Woou.ey, Roads and Streets, Dec. 1954, p. 34 
ARBA Tecunicat INrorMaATION DiGEs1 
Jan. 1955 
Sums up advantages of continuously rein- 
elimination 
of joints and open cracks, (2) riding qualities 
the throughout the 
pavement life, (3) longer life and less main- 
than 


forced concrete pavement: (1) 


approximately same 
concrete 
(4) apparently a useful 
life than standard reinforced concrete pave- 


tenance cost nonreinforced 


pavement, longer 
ment, and (5) first cost comparable with that 
of standard reinforced concrete pavement. 

Recommended design features include: 7 
or 8 in. thick slab, longitudinal steel amount- 
ing to 0.4 or 0.5 percent of cross section of 
pavement, placed half-way between top and 
bottom of slab. 


Precast concrete 


International Conference for Construc- 
tion with Precast Concrete Members 
(Internationaler Kongress fuer Mont- 
agebau mit Stahlbetonfertigteilen an 
der Technischen Hochschule Dresden) 


Bauplanung und Bautechnik (Berlin), V. 9, No. 1, 
Jan. 1955, 10 pp. 


Reviewed by Fritz Kramriscu 
Progress report of different countries re- 
garding the use of precast’ members, their 
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fabrication and erection. Among many 
noteworthy contributions: Hungary reports 
the use of precast trusses, trussed columns, 
and arch segments for long-span structures 
and powerhouses; Poland employs for the 
shells 
similar to our road-finishers with 
and 


Germany 


construction of rows of movable 
“combines” 
automatic welding steam treatment; 
Bulgaria 
shell segments and hip plate elements; the 


Soviet 


and are using precast 
Union developed a net of factories 
for the fabrication of standardized 


units made 


precast 
with 
highly mechanized automatic machines; and 


under continuous process 
Sweden reports the construction of apartment 
buildings up to four stories high, consisting 
of precast wall and floor panels erected by 
portal crane. 

Also 
surface treatment (SiF,) developed in Holland 
which the 
acidproof; different methods of connections 


under discussion were: the “Ocrat’’ 


hardens concrete and makes it 
between precast members; steam curing and 
the 


ments which respond favorably to autoclave 


choice and manufacture of certain ce- 
treatment; use of oilgraphite, mixtures of 
diesel oil with cement, or water pressure to 
the the 


velopment of an autoclave foam concrete 


separate forms from concrete; de- 
of high strength through the use of hydrolyzed 
proteins with quartz flour; and a new type of 
reinforcing rod consisting of a low carbon 
steel, cold pressed in two directions to 34 of 
its rolled diameter, with short pieces of the 
This treat- 


ment raises yield point and ultimate strength 


original section left in between. 


of the bar and increases the bond 2.5 to 3 
times. 
Examples of precast ferro-concrete 


construction in France 


N. Esquituan, The Structural Engineer 
32, No. 11, Nov. 1954, pp. 304-311 
Reviewed by C 


London), V 


P. Stess 


The advantages of precast construction are 
discussed and five projects are described. (1) 
A cutwater at Boulogne for which precasting 
was chosen because of large tidal ranges. (2) 
The marine landing stage of Boulogne, utiliz- 
ing precast girders, beams, and deck slabs 
(3) The Lampe Bridge over the River Liane 
at Boulogne, consisting of five simple spans 
of 65 ft each and an over-all width of 76 ft 


Precast girders and deck slabs were used and 





238 


some precasting was involved in the pier con- 


struction. (4) Four 12-story buildings at 
Boulogne. The columns were cast in place 
but the floor and the 


walls were erected by tilt-up methods. 


svstem was precast 


5) 


The hangar at Marignane Airport near Mar- 


»*) 


seilles. The 333-ft span arch roof of unusual 


construction was cast at ground level and 


lifted 62 ft into place, the columns being used 
and built up as the roof was 


Many 


applications of precast concrete are described. 


as supports 


raised interesting and ingenious 


Survival city 
Concrete, V. 63, No. 6, June 1955, pp. 18-19 

Describes and illustrates precast concrete 
and concrete houses subjected to 


the May 5, 
tures the 


masonry 
1955, nuclear blast tests. It pic- 


remarkable resistance shown by 


these standard homes, intended to retail for 


perhaps $10,000, construction of which was 


completely conventional, following West 
Coast standards No. serious structural 
damage was noted even in the houses 4700 


ft from ground zero. 


Prestressed concrete 


Prestressed concrete construction in 
the USSR (in Dutch) 


J.J. B. Bouvy, Cement (Amsterdam), No 
pp. 324-328 


19-20, 1954 


Reviewed by Joun W. T. Van Erp 


Our knowledge about engineering in the 


Soviet Union is based on scarce information 
and this applies also to the field of prestressed 
concrete projects in 


Experimental pre- 


stressing are described in the literature as 
1934 
pre-tensioned floor units was started in 1941. 
1943 to- 
gether with recommended practice standards. 


early as and prefabrication of small 


A design code was established in 


After the war great progress was made and 


not only highway bridges but also railroad 
bridges were built in prestressed construction. 
Some of these were designed by German 
engineers 
Extensive use is made of the Korovkin 
cable, which is in some ways similar to the 
Freyssinet cable but has to be made up to the 
required length as cable ends are 
The 


(cables of 50 wires have been used) are an- 


prefabri- 


eated. individual wires of the cable 


chored by embedment in concrete inside a 


steel socket. This concrete is vibrated and 
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forced into the socket under a pressure of 
1200 psi thus forming a dense anchor unit 
The steel sockets fit a female threaded sleeve 
of the prestressing jack. After prestressing 
the extended sockets are held by inserting a 


series of split washers under them. 


Results of creep and shrinkage meas- 
urements of prestressed concrete struc- 
tures (Ergebnisse von Kriech- und 
Schwindmessungen an Spannbeton- 
bauten) 


Utricu Finsrerwatper, Beton- und Stahlbetonbau 
Berlin), V. 50, No. 1, Jan. 1955, pp. 44-50 
Reviewed by Vautpis Lapsins 


Several bridges and industrial buildings 


recently constructed by the Dywidag_ pre- 


stressed concrete method in Germany and 


equipped with measuring devices have been 
This article 
deals with graphical representation of the re- 


under continuous observation. 


sults compiled Irom creep and shrinkage 


readings of these structures. The measure- 


ments of all structures agree favorably and 


they verify an excellent behavior of pre- 


stressed concrete in practice. 


Standardized prestressed beams (in 
Dutch) 


Cement 


Amsterdam), No. 23-24, 1954, p. 410 
Reviewed by Joun W. T. Van Er 
The tremendous increase in use of pre- 
stressed concrete is evident from the appear- 
ance of standardized beam sizes on the 
market. 
of the 


them on a production line basis. As a first 


They have been established by one 


large manufacturers, which makes 


step, standard sizes are established for 


various loads in I- and rectangular sections 


Experimental statistical study of beams 
of prestressed concrete (in Italian) 


M. PaGano, Giornale del Genio Civile (Rome), V. 91 
No. 10, Oct. 1953, pp. 578-588 


Results are 
tical determinations of the tension drop ob- 
The 


deformations have been measured during a 


given of experimental statis- 
tained in beams of prestressed concrete. 


period between starting of the tension in the 
cables and the setting of permanent weights 
on the beams. Limit results are obtained in 
which the result of tension drop with time is 
that 20 


should be deducted as an approximate figure 


shown It is concluded percent 


for this tension drop. 
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Properties of concrete 


Rapid accelerated test for cement- 
aggregate reaction 


H. ScHover and G. M. Smirnu, Proceedings 


\ | 954, pp. 1165-1177 


ASTM 


AUTHORS’ SUMMARY 


Describes an accelerated method of test for 


predicting the deterioration of concrete 


iused by eement-aggregate reaction \ 


rm riod of 90 davs irom time of casting speci- 


sufficient to discriminate between 


mens 18 
oneretes having undesirable expansion and 
those having little or no expansion The 
expansion data from the rapid accelerated 
exposure, referred to as exposure 10, show 
good correlation with the expansion ol con- 
retes subjected to the well-known wetting- 
nd-drying exposure, referred to as exposure 
2 To substantiate the merit of exposure 10, 
data are presented showing the close correla- 


tion between the relative expansion Ot con- 


cretes subjected to 7.5 outside 


years ol 
we ithering and concretes subjected to ex 


) 


posure 2 


Cement-aggregate reaction as referred to 
this paper is not restricted to the alkali- 
iygregate reaction but refers to the phy sical 
ind perhaps chemical reactions, o1 i com- 
bination of both, which cause the expansion 
that is usually accompanied by “map crack- 
Ing This tvpe ol cracking should not be 
onfused with surface checking, shrinkage 
cracking, or cracking due to settlement and 


loads 


Plastic flow of plain and reinforced 
concrete (in Norwegian) 
Ince Lyse, Beton og Jernbeton (Copenhagen), \ 
N Ay 1952, p. 43 
Reviewed by T. Hermans 
Brief review of theory and research with a 
summary of what is at present known about 


plastic flow of concrete 


Deformations in massive concrete 

blocks caused by temperature and 

shrinkage (in Russian) 

4. A. Gvozpev. Js tkad. Nauk 

Vauk, N 4, Apr. 195 pp. 495-504 
APPLIED Mecuanics Reviews 


Feb. 1955 (D 


SSSR Otd. 7 


\ method of 


crete blocks is 


stresses In con- 


calculating 


given, permitting establish- 


ment of works 


a placing program on large 
Thermodynamics of exothermic 


cement and 


REVIEW 





Analysis 


ational 


discussed 


creep ol concrete are 
integral 


Heat 


and isothermal 


is by equations and 


oper 


Cc ilculus generation under adiabati 


conditions is related to prac 
tical problems and experimental curves are 
plotted 


Reviewer believes paper is important be 


eause= ol treatment ofl heat evolution § in 
concrete, but results are in a form not im- 
mediately useful to a pl icticing enginee! 


Developing a test method for efflore- 
scence of masonry mortar 


P. L. R rs, ASTM Bu \ 00, > 
pp. 64-tit 

Recognizing the need for standard 
method of test for the tendency of mason 
mortar to effloresce when used in const 
tion, a subcommittee of ASTM Comm ( 
C12 on mortars for unit masonry has 
several methods One method using ¢ 
fully prepared ceramic wicks, shows promis¢ 
of being adaptable to this purpose Che wor 
of the subcommittee together with details 
of the wick method is reported 


Structural research 


Study of uniformity of concrete flexural 
test results 


oO R ) n | I 
| t I s. A ( I 
‘> > 494 
H \ 

This stud vas conducted to determine 
the variation in flexural strength test results 
vhich would be obtained for comp 
large groups ol specimens ler st 
controlled laboratory conditions as an indi 
eation of the variation in flexur s gtt 
that may be ex] | he field | 
in the rato 

The lowing ‘ | IslOns ! 
based on the ests ducted hict er 
compa limited 1 Scope 1) Cor 
siderable riation 1 ( strength tes 
results m e expected for specimens 
from the same concrete ( nae ! 
best controlled conditions eparing 
Ing nd esting ) ! mens 2) A 
variation in flexural strength of 10 percent 
from the average value is not considered 
rye i SATISTACTOI eriterlo ol re 
individual test results ») A iriation 
flexural strength o > ype on I 


verage value ma be considered sig 
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when the difference cannot be attributed to 
(4) The re- 
jection of individual values under any of the 
criteria considered has only a minor effect 


variations in the concrete mix. 


on the average strength of a group of speci- 
mens, and the effect becomes less as the 
number of specimens in the group increases. 


Experiments on the strength of rein- 
forced concrete columns under light 
eccentric loads 
D. W. ToLverrietp and H. J. Cowan, Civil Engineer- 
ing and Public Works Review (London), V. 50, No. 584, 
Feb. 1955, pp. 181-183 

Reviewed by James MICHALOs 


loaded 


columns and _ four 


Three 


concrete 


concentrically reinforced 
eccentrically 
loaded columns were tested to failure. All 
columns were 4x5 in. and reinforced with 
four 14-in. diameter mild steel bars. The 
eccentricities were small, ranging from %% 
to 134 in. for the four columns so tested. The 
measured deflections and strains at low loads 
were in general agreement with results com- 


puted bw the 


conventional elastic theory for 
composité neracked sections. At higher 
loads there was general agreement with 
il omputed by the conventional rein- 
forced concrete theory, assuming the section 
to be cracked below the neutral axis. 


General 


Specifications and test methods for 
ready-mixed concrete 
Publication No. 47, 2nd Edition, National Ready- 
Mixed Concrete Assn., Jan. 1955 

Brings up to date the earlier publication of 
the same title. Principal revisions are in the 
ASTM Specifications for Ready-Mixed Con- 
crete (C 94), which were extensively revised 
in 1954 and reverted to tentative. These re- 
visions recognize the greater guaranteed mixer 
capacities which had been incorporated into 
NRMCA standards for operation of truck 
mixers and agitators on the basis of the asso- 
ciation’s investigation of truck mixers. 

Booklet will find use in the section of the 
concrete industry which specifies, buys, sells 
or tests ready-mixed concrete. Most contr - 
versies over responsibility for concrete quality 
would be avoided and the remainder easily 
decided if procedures outlined were followed. 
Simple precautions are clearly and concisely 
given, such as a detailed description of a field 
storage box for initial curing of test cylinders. 
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The ASTM definitions of a compression test 
and of a failure are quoted and clarified 
Responsibility of a ready-mixed concrete sup- 
plier under a specification for strength is given 
in detail. Standard precautions in sampling 
and curing are stated to ensure a fair test of 
the concrete quality. Use of the slump test to 
measure segregation in open dump trucks is 
given. 

Procedure in event of a failure to meet 
specifications is completely prescribed. 


Statistical relation between cylinder, 
modified cube, and beam strength of 
plain concrete 
Criype E. Kester, Proceedings, ASTM, V. 54, 1954 
pp. 1178-1187 (including discussion) 

AuTHuor’s SUMMARY 

The relationship between the cylinder, 
modified cube, and beam strength of plain 
concrete is determined statistically for con- 
crete having varying strengths and made 
from different mixes. The aggregates used 
were the same for all specimens. The results 
presented are based on over 1400 individual 
static tests involving concrete of different 
strengths and ages. 

Beams having 6 x 6-in. cross section were 
tested on two different span lengths, 60 and 
18 in. 
on the broken pieces obtained from these 


Modified cube tests were conducted 
beam tests. Cylinders fested were standard 
6 x 12-in. size. 

The information obtained from these tests 
is presented in five graphs which have been 
fitted with “least squares’ curves. For each 
curve the coefficient of correlation and the 
standard error of estimate is given. 


Tests of horizontal drum concrete 
mixers (Essais de bétonnieres @ tam- 
bour horizontal) 


C. Lereure, Annales de l'Institut Technique du Bati- 
ment et des Travaux Publics (Paris), No. 83, Nov. 1954 
Reviewed by Pxuituie L. MELVILLE 


The minimum amount of water allowing 
correct dumiping, rate of rotation, duration of 
mixing, composition of the concrete, and 
manner of loading were studied in scale model 
mixers. Criterion for the study was the 
homogeneity of the resulting concrete sup- 
plemented by the compressive and flexural 
strengths of test samples. 


The amount of 
cement in each sample seems to be especially 
important. 
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SYNOPSIS 





Statistical methods provide valuable tools for assessing results of strength 
tests, and such information is also of value in refining design criteria and 
specifications. The report discusses briefly the numerous variations that 
occur in the strength of concrete and presents statistical methods which are 
useful in interpreting these variations. Criteria are offered that can be used 
to establish specifications and maintain required uniformity. 





INTRODUCTION 


4 The primary function of compression tests of field concrete is to insure 
: production of uniform concrete of desired strength and quality. Concrete 
being a hardened mass of heterogeneous materials is subject to the influence 
of numerous variables. Characteristics of each of the ingredients of concrete 





may cause variations depending upon their uniformity. Variations may also 
be introduced by practices used in proportioning, mixing, transporting, 
placing, and curing. In addition to the variations which exist in concrete 
itself, strength variations may also be introduced in fabrication, testing, and 
care of test specimens. Variations in the strength of concrete must be ac- 
cepted ; but consistent concrete of adequate quality can be produced with 
confidence if proper control is maintained, test results are properly inter- 
preted, and limitations are considered. 

Proper control is achieved by the use of satisfactory materials, properly 
mixing these materials into economical concrete of desired quality, and 
good practices in transporting, placing, curing, and protecting the fresh con- 
crete. Although the complex variables of concrete preclude complete uni- 
_ *Received by the Institute Apr. 20, 1955, Title No. 52-17 is a part of copyrighted JourNaL or THE AMERICAN 
Concrete Instirute, V. 27, No. 3, Nov. 1955, Proceedings 52. Separate prints are available at 50 cents 
Seobine Ee fceptes i eee should reach the Institute not later than Mar. 1, 1956. Address 18263 W 


This report in form and substance as here submitted was approved unanimously by the committer 
above. 
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formity, excessive variation of concrete strength signifies inadequate concret« 
control. Improvement in control may permit a reduction in the cost of 
concrete since the average strength can be adjusted more closely to specification 
requirements. 

Compressive strength is not necessarily the most critical factor in pro- 
portioning concrete mixes since other factors, such as durability, may impose 
lower water-cement ratios than are required to meet strength requirements. 
In such cases strength will of necessity be in excess of structural demands. 
Strength tests are valuable in such circumstances, however, since with estab- 
lished mix proportions, variations in strength are indicative of variations 
in other properties. 

Test specimens indicate potential rather than actual strength of a structure 
and poor workmanship in placing and curing may cause strength reductions 
which are not reflected in tests. Wherever practicable, conclusions on strength 
of concrete should be derived from a pattern of tests from which the char- 
acteristics and uniformity of the concrete can be more accurately estimated. 
To place too much reliance on too few tests may result in erroneous conclusions. 

Statistical methods have not been used to any great extent in the design 
and construction of concrete structures, except by large construction agencies. 
These methods provide tools of considerable value in assessing results of 
strength tests and such information is also of value in refining design criteria 
and specifications. This report discusses briefly variations that occur in the 
strength of concrete, presents statistical methods which are useful in inter- 
pretation of these variations, and offers criteria that can be used to establish 
specifications and maintain required uniformity. 


VARIATIONS IN STRENGTH 


The magnitude of variations in the strength of concrete test specimens 
depends upon how well the materials, concrete manufacture, and tests are 
controlled. Differences in strength can be traced to two fundamentally 
different sources as shown in Table 1: (a) difference in strength-producing 
properties of the concrete mixture, and (b) apparent difference in strength 
caused by discrepancies in tests. 


Properties of concrete 

It is well established that strength of concrete is governed to a large extent 
by the water-cement ratio. The first criterion for producing concrete of 
uniform strength, therefore, is a uniform water-cement ratio. Since the 
quantity of cement can be measured accurately, the problem of maintaining 
a uniform water-cement ratio is primarily a problem of controlling the wate: 
content. This problem is aggravated because of the variable quantity o! 
free moisture in aggregates. 


The uniformity of concrete can be no better than the uniformity of con 
crete aggregates, cement, and admixtures used since each will contribute t: 
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EVALUATION OF COMPRESSION TEST RESULTS 


TABLE 1—PRINCIPAL SOURCES OF STRENGTH VARIATION 


Variations in the properties of concrete Discrepancies in testing methods 


Changes in water-cement ratio Inconsistent sampling procedures 






Poor control of water content 


Nonuniform fabrication techniques 
Excessive vanation of moisture in aggregate 


Variations in water requirement Amount of compaction 
Excessive handling of sample 
Aggregate grading Care of fresh cylinders 


Nonuniform materials 
Change in curing 
Variations in characteristics and proportions of ingredients 
Temperature variation 


Aggregates Variable moisture 
Cement 
Pozzolans Poor testing procedures 


Admixtures 
Cylinder capping 


Variations in temperature and curing Compression tests 








the variations of concrete strength. The temperatures at which concrete 
is mixed and placed influence the strength and consequently contribute to 
strength variation. Construction practices may cause variations in strength 
due to inadequate mixing, poor compaction, delays, and improper curing. 

Use of admixtures presents additional problems in maintaining uniformity 
of strength since each admixture adds another variable to concrete. Accel- 
erators, retarders, pozzolans, and air-entraining agents must be carefully 
controlled and allowance made for their influence on strength. 


Testing methods 

Concrete tests may or may not include all the variations in strength of 
concrete in place depending on what variables are introduced after test 
specimens have been made. On the other hand, discrepancies in sampling, 
fabrication, curing, and testing of specimens may indicate variations in 
strength which do not exist in the concrete in place. The project is un- 
necessarily penalized when variations from this source are excessive. Good 
testing methods will reduce these variations and standard testing procedures 
such as those described in ASTM standards should be established and followed 
without variation. 

The importance of using accurate compression testing machines and other 
laboratory equipment should need no emphasis since test results can be no 
more accurate than the equipment used. Uniform test results are not necessarily 
accurate test results. Laboratory equipment and procedures should be cali- 
brated and checked periodically. 


ANALYSIS OF STRENGTH DATA 


To obtain maximum information, a sufficient number of field compression 
tests should be made to be representative of the concrete produced and 
appropriate statistical methods should be used to interpret the test results. 
Statistical methods provide the best basis for assessing from such results 
the potential quality and strength of the concrete in a structure and expressing 
results in the most useful form. 














244 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1955 





Statistical functions 






The strength of concrete test specimens on controlled projects can be 
assumed to fall into some pattern of the normal frequency distribution curve 
as illustrated in Fig. 1. For more complete statistical studies, determination 
of the actual shape of the curve may be desirable. Where there is good control 
the strength values will be bunched close to the average, and the curve will 
be tall and narrow. As the variations in strength increase, the values spread 
and the curve becomes low and elongated (Fig. 2). Certain functions of the 
normal distribution curve are useful in evaluating strength data: 


Average, X — The average strength of all cylinders. 
. X,+X.+X3;4+ . +X, 
X = . (1 
nm 
Where X,, Xo, X; .. . X, are the results of individual strength tests and 


n is the total number of cylinders tested. 


Standard deviation, s—The most generally recognized measure of dispersion 
is the root-mean-square deviation of the strengths from their average. Re- 
ferring to Fig. 1 the standard deviation is the radius of gyration of the are: 
under the theoretical probability curve about the center. The standard 
deviation is found by extracting the square root of the arene of the squares 
of deviations of individual strengths from their average.* 


a. = Se ety, = EPs... + (X, —X)? 
c= el re (2 
n 
For ease of computation, when a calculating machine is available, standard 
deviation can be obtained by dividing the sum of the squares of individual 
strengths by the number of cylinders, substracting the square of their average, 
and extracting the square root. 


7 320 Bk ee 
c= — X?. (3) 
nm 


or rearranged to bring the fraction from under the square root sign: 
Sao 


j 


¢c=- ) n(X\2 + Xo? + X2+ .. + Xn?) —(X1 +X. + Xs +... + Xn)... (3a) 


n 





Coefficient of variation, V—The standard deviation expressed as a percent- 
age of the average strength is called the coefficient of variation. 


‘ o 
V =— xX 100 (4) 
\ 


This function makes it possible to express the degree of dispersion on a per- 
centage basis rather than the absolute. Table 2 shows the coefficients of 


*Some texts on statistics refer to o as the standard deviation of the universe (infinite number of tests) and s 
as the standard deviation of a sample. In computing s instead of ¢ in Eq. (2), n is replaced by (n — 1). This 
practice was not followed in the manual of ASTM Committee E-11 on Quality Control of Materials (ASTM 
Special Technical Publication No. 15-C) and is significant only when the number of samples is small (less than 
30). Generally, control of concrete uniformity involves a large number of samples collected over a period of time 
and the difference between methods is negligible. On the other hand, the number of samples is usually small 
(two or three tests) in computing the within-batch standard deviation 0:1. Eq. (5) is useful in this case since the 
factor 1/d2 and a reliable value of R produce a true or unbiased estimate of o: as distinct from observed values 
as in Eq. (2), (3), and (7). The values of.Table 2 were established from a large number of tests on the basis of 
the formulas as presente d. 
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Fig. 1—Normal frequency distribution of strength data from 46 tests 


variation that can be expected on controlled projects. The ratings of control 
are based on experience from a large number of projects and represent average 
conditions. 

Range, R—Range is found by subtracting the lowest strength in any group 
of tests from the highest strength. Range is useful in computing the within- 
batch standard deviation discussed in the following section. 


Batch variations 

As mentioned previously, variations in results of strength tests can be 
traced to two different sources: (a) properties of the concrete mixture, and 
(b) discrepancies in testing methods. It is possible to compute the coefficients 
of variation attributable to each source. 

Within-batch variation—The variation in strength of concrete within a 
single batch (¢:) can be found by computing the variations of a group of 
cylinders fabricated from that batch. It is also convenient to assume that 
a test sample of concrete is uniform and any variation between companion 
cylinders fabricated from a given sample (within sample variation) is caused 
by fabricating, curing, and testing discrepancies. Samples taken from different 
parts of a batch will include variations due to mixer inefficiency. Companion 
specimens fabricated from samples from different locations in the mixer can 
be used therefore to differentiate between mixer efficiency and testing effi- 


ciency. A single batch of concrete provides meager data for statistical analysis 
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Fig. 2—Normal distribution curves for coefficients of variation of 10, 15, and 
20 percent 


Required average strength f., based on the criterion that only one test in ten be allowed to 
fall below a specified strength, f.’ of 3000 psi 


and companion cylinders from at least ten samples of concrete are recommended 
to establish reliable values for R. The within-batch standard deviation and 
coefficient of variation can be conveniently computed as follows: 

1 


ds ies os 


a} 
— < 100.... 
X 


TABLE 2—STANDARDS OF CONCRETE CONTROL 


Coefficients of variation for different control standards 
Class of operation : - — 
Excellent Good Fair Poor 
Over-all variations: 
General construction Below 10.0 to 15.0 to Above 
10.0 20.0 20.0 


Laboratory control Below E 0 to Above 
5.0 , 0 10.0 


Within-batch variations: 
Field control Below d 5.0 to Above 
4.0 5.¢ 1.0 6.0 


Laboratory control Below 3.0 to 0 to Above 
3.0 4.0 5.0 5.0 


Note: These standards represent the average for 28-day cylinders computed from a large number of tests 
Different values for special or unusual concretes can be expected. 
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where 
o, = within-batch standard deviation 
1 : ; : : 
; a constant depending upon the number of cylinders in each group* 
de 
three cylinders 1/d; = 0.5907 
two cylinders 1/d, = 0.8865 
R = average range of groups of companion cylinders 
V,; = within-batch coefficient of variation 
X = average strength 
Batch-to-batch variation—The measure of variation which occurs between 
batches, Vo, is equal to the coefficient of variation of the averages of companion 


specimens from different batches. 


100 =—/ 
5 n (X37? + X3' + Xa") ~— (Xi + X2 + 
nX 


where X,, | Xn = averages of companion specimens from each batch 

X = average of the averages 
The large percentage of concrete variations occur from batch-to-batch and 
can be expected to be considerably less for tests taken during any one day or 
for short periods since additional variables are generally encountered over 
longer periods. 


Cumulative frequency distribution 

If the theory of the “weakest link” is applied to concrete, the number of 
tests lower than the desired strength is more important in computing the 
load-carrying capacity of concrete structures than the average strength 
obtained. It is impractical, however, to specify minimum strength since the 
law of normal probability indicates we can expect one strength out of every 
six tests to be lower than the standard deviation (¢) below average (CY), 
one out of every 44 will be lower than 2c below average, and one out of 741 
will be lower than 30 below average. 


The cumulative frequency distribution curve is plotted by cumulating the 
number of tests below any given strength. Fig. 3 shows a group of cumula- 
tive frequency distribution curves based on percentage and plotted as straight 
lines on the probability scale. This chart provides a convenient means of 
securing cumulative probability data when the coefficients of variation are 
known. 


Quality-control charts 

Quality-control charts have been used by manufacturing industries for 
many years as an aid to uniformity and efficiency in production. Methods are 
well established for the setting up of such charts and are outlined in con- 
venient form in the ASTM “Manual on Quality Control of Materials.” Based 
on the pattern of previous results and limits established therefrom, trends 
become apparent as soon as new results are plotted. Points which fall out- 


*Table B2, “Manual on Quality Control of Materials,” ASTM Special Technical Publication No. 15-C 
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Fig. 3—Cumulative probability curves for different coefficients of variation 











side the calculated limits are indicative that something has affected the 
control of the process. Such charts are recommended wherever concrete is in 
continuous production over considerable periods. 

Three simplified charts prepared specifically for concrete control are illus- 
trated in Fig. 4. (As pointed out in Example 4, p. 257, this is not particularly 
good control.) While these do not contain all the features of formal control 
charts they should prove useful to the engineer, architect, and plant super- 
intendent. 
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949 


The line 


for the required average strength is established as indicated in the section on criteria, p. 251, 


(a) A chart in which the results of all strength tests are plotted as received 


and the specified design strength provides the lower limit of control. 

(b) Moving average for compressive strength where the average is plotted for the previous 
five sets of two companion cylinders for each day or shift and the required average strength 
is established as the lower limit. 
influence of seasonal changes, changes in materials, ete. 


This chart is valuable in indicating trends and will show the 
The number of tests averaged to 
plot moving averages can be varied to suit each job. 

(c) Moving average for range where the average range of the previous ten groups of com- 
panion cylinders is plotted each day or shift. The maximum average range allowable for 


good laboratory control is plotted as the upper limit. Maximum range is determined 


as 
discussed in the section on criteria. 
Fig. 4 shows charts a, b, and ec for 46 tests. To be fully effective charts 


should be maintained throughout the entire job. 


CRITERIA 
Strength 


The strength of concrete test specimens and the load carrying capacity of 


concrete structures have been correlated by tests made with full-scale 


structural members. 

Indications of structural strength are also obtained by testing prototypes, 
by coring, and by dynamic and other nondestructive type tests. These tests 
are not widely used, however, and the strength of control cylinders is generally 








‘Charts for Individual Strength Tests 
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Fig. 4—Quality control charts for concrete 
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the only tangible evidence of the quality of concrete in a structure. Com- 
pressive strength data are therefore important in establishing criteria, but 
their limitations must be considered. Because of the possible disparity 
between the strength of test specimens and the load carrying capacity of a 
structure it is dangerous to place too much reliance on inadequate strength 
data. It is also wrong to conclude that the strength of a structure is in jeopardy 
when a single test specimen fails to meet specified strength requirements. 
As previously indicated, random variations and occasional failures to comply 
with strength requirement are inevitable. Accordingly the inflexible strength 
requirements contained in most specifications are unrealistic and control 
of the pattern of results rather than individual values is the most appropriate 
basis for both specifications and the general assessment of results. This is 
the reason why statistical concepts have such potential value in concrete 
control. From these concepts there have been developed tools to measure and 
indices to control variation. 

The consequences of a localized zone of low strength concrete in a structure 
depend on many factors; included are the probability of early overload, the 
location and magnitude of the low quality zone in the structural unit, the 
degree of reliance placed on compressive strength in design, the initial cause 
of the low strength, and the consequences, economically and otherwise, of 
structural failure. As a general guide it is the opinion of the committee that 
a reasonable control of structural concrete would be provided if no more 
than one test in ten fell below the value of f.’ used in design. This tolerance 
of test failure does not imply acceptance of consecutive failures in 10 percent 
of the structure, but must be expressed as a continuous control rather than 
an over-all percentage. Additional low-strength specimens are allowable in 
general concrete construction but the final criterion adopted is obviously a 
matter for the designer’s decision based on his intimate knowledge of the 
conditions that are likely to prevail. 

To satisfy strength performance requirements expressed in this fashion 
the average strength of concrete must obviously be in excess of f.’, the degree 
of excess strength depending on the expected uniformity of concrete production 
and the allowable proportion of low tests. The required average strength, 
fr, for any design can be approximated as follows: 


le sere FL, ‘ eS est eee . o .(8)* 


where 


fer = required average strength 


f.’ = design strength specified 

¢ = a constant depending upon the proportion of tests that may fall below f.’ and 
the number of samples used to establish V (Table 3) 

V = forecasted value of the coefficient of variation 


Table 3 indicates a value for ¢ of 1.282 for one low test in ten, and Table 2 
indicates that for good field control the coefficient of variation should not 


*Similar information may be obtained graphically from Fig. 3. 
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be greater than 15 percent. 
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In this case f., is equal to 1.24 f.’ and for a struc- 


tural design strength of 3000 psi the mixture will be proportioned for an 


average strength of 3720 psi. 
control and must be increased for poorer control as illustrated in Fig. 2. 


This value of f., could be reduced with better 


) 


Where a batch of low-strength concrete is not so critical and two low test 
= 1.14 f.’ or 3430 psi 
for a design strength of 3000 psi and a coefficient of variation of 15 percent. 


cylinders in ten can be tolerated, ¢ equals 0.842 and f., 


Tests and specimens required 


For any particular job, a sufficient number of tests should be made to 


insure accurate representation of the concrete. 


Concrete tests can be made 


either on the basis of time elapsed or cubic yardage placed and conditions 


on each job will determine the most practical number of tests needed. 


Centralized project—A project where all concrete operations are supervised 
by one engineer provides an excellent opportunity for uniform control and 


for accurate estimates of reliability with a minimum of tests. 


After operations 


are progressing smoothly, tests taken each day or shift, depending upon the 


volume of concrete produced, are sufficient to obtain data which are repre- 
sentative of all structures. 
unnecessary to test the concrete at the point of placement unless dictated 


No. of 
samples 
minus 1* 


*Degrees of freedom. 
Values of ¢ extracted from table 
Agriculture and Medical Research.’ 


50 


Percentage within 


X +te 
33.33 
68.27 
95.45 
99.73 


TABLE 3—VALUES OF ft 


Percentage of tests falling within the limits X + to 


60 


0.906 
0.896 


0.883 
0.879 
0.866 
0.860 
0.856 
0.854 
0.842 


Other values of ¢ for n— 1 


70 


80 


90 


95 


Chances of falling below lower limit 


in 6.7 


963 
386 
250 
190 
156 
134 
119 
108 
100 
093 
074 


1 in 10 


078 
S86 
638 
533 
476 
440 
415 
397 
383 
372 
341 
325 
316 
310 
282 


ft fet ft eh fh pt ff fh hh et CAD 


Chances of falling 
below lower limit 


in 44 
in 741 


1 in 20 
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Pmt thet fat ae ft pet ett BOD ND 


314 
920 
353 
132 
015 
943 
895 
860 


. 833 


812 
753 
725 
708 
697 
645 


originally produced by Fisher and Yates, 


1 in 40 
12.706 


4.303 
3.182 


1.960 


“Statistical 


OS 


1 in 100 


Tables for 


0.431 
1.000 


2.000 
3.000 


li 
63 
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Under adequate control of all operations, it is 
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925 
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Values of ¢ increase for small samples due to the unreliability of small samples to establish a true estimate 
of ¢. The advantage of establishing V in Eq. (8) from a large number of tests becomes apparent in the reduction 


of t and fer. 
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by unusual problems. In general, it is advisable to make a sufficient number 
of tests so that each different type of concrete placed during any one day 
will be represented by two standard 6 x 12-in. cylinders to be tested at 28 
days. Single specimens taken from two different batches each day will pro- 
vide more reliable information on over-all variations, but it is usually desirable 
to make companion specimens from the same batch to obtain a check on the 
within-batch variation. 

Producer—The number of control tests required to properly evaluate the 
operations of a concrete mixing plant is similar to that of a centralized project 
since operations and procedures are uniform even though concrete may be 
supplied to many different structures. Problems encountered and control 
desired will dictate the number of tests for a given mixing plant but if oper- 
ations are progressing uniformly, reliable information on over-all plant 
operation over a period can be obtained with one 28-day cylinder each day 
or each shift for each different type of concrete. If information regarding 
the accuracy of tests is desired, companion specimens will be required to 
differentiate the variations due to testing from plant variations. 

Consumer—The consumer or owner, usually represented by an architect 
or engineer, has more than academic interest in the strength of concrete 
since the safety and load carrying capacity of the structure may be impaired 
by poor control and batches of low-strength concrete. If all operations are 
controlled by one engineer, the problem is simplified as indicated for a central- 
ized project. The popular practice of purchasing concrete from a separate 
producer and contracting the testing work separately complicates concrete 
testing and control. 

The consumer is not only interested in the concrete as it leaves the plant 
but is interested in every operation until the concrete is placed in the struc- 
ture and adequately cured. In addition to mixing-plant-control tests, the 
engineer (architect) should require performance tests to insure concrete of 
desired properties. Performance tests should be taken at the point of place- 
ment and companion specimens should be made for greater accuracy and to 
establish responsibility for variation between the producer and the testing 


laboratory. The contractor may also contribute to variations with poor 
construction practices, hence correlation between control tests taken at the 
producer’s plant and performance tests at the point of placement will help 
establish responsibility. 


The number of specimens required by the engineer (architect) should be 
based on established standards but may be reduced as the reliability of the 
producer, the laboratory, and the contractor are established. 


Testing laboratory—The testing laboratory has the responsibility of making 
accurate tests, and concrete will be penalized unnecessarily if tests show 
greater variations than actually exist. Since the range between companion 
specimens from the same sample can be assumed to be the responsibility of 
the testing laboratory, a control chart for ranges (Fig. 4) should be maintained 
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by the laboratory as a check on the uniformity of its operations. The range 
between companion cylinders depends on the number of specimens in the 
group and the within-batch variation. This relationship is expressed by the 
following equation: 

Rm = fer Vi de ae (9 


The within-batch coefficient of variation V,; should not be greater than 5 


yvercent for good control (Table 2), and the estimate of the corresponding 
] - I 


average range will be: 

Rm = (0.05 X 1.128)f. = 0.05640 f., for groups of two companion cylinders 

Rm (0.05 X 1.693)f-- = 0.08465 f., for groups of three companion cylinders 

Rm becomes the maximum limit for average range in control chart (c) of Fig. 4. 

Type of specimens required—aA cylinder of representative concrete 6 in. in 
diameter and 12 in. high which has been moist cured for 28 days is generally 
recognized as a standard specimen for strength and uniformity of concrete 
if the coarse aggregate does not exceed 2 in. in nominal size. Many times, 
particularly in the early stages of a job, it becomes necessary to estimate 
the strength of concrete being produced before the 28-day strength results 
are available. Concrete cylinders from the same batch should be made and 
tested at 7 days or earlier ages if desired. The 28-day strength can be esti- 
mated by extrapolating early test data. 

The strength of concretes at later ages, particularly where pozzolons or 
cements of slow strength gain are used, is more realistic than the standard 
28-day strength. Some structures will not be loaded until concrete has 
been allowed to cure for longer periods and advantage can be taken of strength 
gain after 28 days. Some concretes have been found to produce less than 
50 percent of their ultimate strength at 28 days. If design is based on strength 
at later ages, it becomes necessary to correlate these strengths with standard 
28-day cylinders since it is not practicable to use later age specimens for 
concrete control. If possible the correlation should be established by labo- 
ratory tests before construction starts. If mixing plants are located in one 
place for long enough periods, it is advisable to establish this correlation for 
reference even though later age concrete is not immediately involved. 


Curing concrete test specimens at the construction site and under job 
conditions is sometimes recommended since it is more representative of the 
curing given the structure; these special tests should not be confused with, 
nor replace, standard control tests. Tests of job-cured specimens may be 
highly desirable and are necessary when determining the time of form re- 
moval, particularly in cold weather, and when establishing the strength of 
steam-cured concrete pipe, block, and structural members. 


The potential strength and uniformity of concrete can be established by 
standard 6 x 12-in. cylinders made and cured under standard conditions. 
Strength specimens of concrete made or cured under other than standard 
conditions provide additional information but should be analyzed and reported 
separately. . 
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SPECIFICATIONS FOR STRUCTURAL DESIGN 


Based on the foregoing considerations, it is suggested that a specification 
for structural concrete should contain the following conditions: 

1. The concrete mixture should be proportioned by the trial method 
in accordance with ACI standards and using an appropriate f.,. 

2. Concrete should be tested each day for each class of concrete 
and for each change of supplier or source of materials. If more than 
250 cu yd of concrete are used in any day, tests should be made on the 
basis of each 250 cu yd of concrete. 

3. Not less than three cylinders should be made each day to be 
broken at 28 days and one or more additional cylinders to be broken at 
7 days. Tests at earlier ages could be added to or substituted for the 
7-day tests as an indication of the rate of increase of strength or as a 
check on the time for falsework removal. 

4. The average of all 28-day strength tests representing each class 
of concrete, as well as the average of any five consecutive strength tests 
representing each class of concrete, should be equal to or greater than 
the required concrete strength f.,, and not more than one strength test 
in ten should be less than the specified design strength f.’. If the number 
of tests below f.’ is excessive, either the control is not as good as as- 
sumed, or the average strength of all tests is too low. In either case 
steps should be taken to increase the average strength. 

5. When any laboratory-cured standard test cylinders indicate 
the concrete will fail to meet requirements, the engineer (architect) 
should have the right to require changes in the water-cement ratio 
or proportions of the concrete sufficient to increase the .strength to 
the required value. 

6. Where there is a question as to the quality of the concrete in the 
structure, the engineer (architect) should be able to require tests in 
accordance with “Standard Methods of Securing, Preparing, and 
Testing Specimens from Hardened Concrete for Compressive and 
Flexural Strengths’ (ASTM Designation C42) or order load tests 
for that portion of the structure where the questionable concrete has 
been placed. 


Load factors for ultimate strength design are selected on the premise that 
the strength of concrete in the structure will not be less than the assumed 
value of f.’ and there is no factor of safety to cover the variability of con- 
crete strength. It is singularly important therefore that specificatioas such 
as these be used to establish a value of f., sufficient to assure, for all practical 
purposes, the actual strength of the structure will not be below f.’ 


EXAMPLES 


The mechanics of analyzing concrete strength data can be explained in 
more detail by using hypothetical examples of typical field jobs. 















EVALUATION OF COMPRESSION TEST RESULTS 
































Example 1 
Table 4 lists concrete strength data taken at a commercial mixing plant 
over a period of 2 months. It is desired to determine the degree of uniformity 
being obtained in comparison with general practice and to establish average 
strengths required by this plant to meet various specifications. Companion 
specimens have also been taken to evaluate uniformity of testing. 

The computations listed with Table 4 show that an average strength of 
3456 psi was obtained during the 2-month period. 

The standard deviation (409 psi) was computed by taking average of the 
squares of the strengths, subtracting the average strength squared, and 
extracting the square root [Eq. (3)].. The strengths and the squares of the 
strengths can be added on most calculators in one operation. 

The coefficient of variation (11.8 percent) is found by computing the 
standard deviation as a percentage of the average strength. Table 2 indi- 
cates that a coefficient of variation of 11.8 percent for average concrete indi- 
7 dates good uniformity. 

With an average strength of 3456 psi and a coefficient of variation of 11.8 
percent, Fig. 3 shows that nine tests out of ten can be expected to be greater 
than 85 percent of average or 0.85 X 3456 = 2940 psi. 


The concrete plant plans to bid on furnishing concrete for two projects: 


the foundations for a housing project and prestressed concrete for a railroad 
TABLE 4—EVALUATION OF UNIFORMITY OF PRODUCTION 
Test 28-day strength, psi Range, Test 28-day strength, psi Range, 
vo. : —y - psi No. - - —-~ - psi 
Cylinder1 | Cylinder 2 Cylinder 1 Cylinder 2 
4 1 3600 3190 410 24 3410 3500 90 
2 3560 3550 10 25 2780 3180 300 
3 3420 3670 250 26 3090 3300 210 
4 2920 3300 380 27 3210 3310 100 
5 3330 3190 140 28 3490 3300 190 
6 3750 3400 350 29 2890 3040 150 
7 4030 3920 110 30 3810 3500 310 
8 4010 3540 470 31 3830 3800 30 
9 3690 3650 40 32 4590 4370 220 
10 2830 3120 190 33 3600 3700 100 
11 2950 3450 500 34 3510 3260 250 
12 3040 3200 160 35 3350 3840 490 
13 3210 2900 310 36 3020 3480 460 
14 3810 | 3190 620 37 3150 2940 210 
q 15 3950 | 3730 220 38 2510 2820 310 
16 3150 2960 190 39 3370 3600 230 
17 2930 2700 230 40 4210 3860 350 
18 3610 3210 400 41 3800 3200 600 
19 4440 4000 440 42 3000 3050 50 
20 3870 3770 100 43 3530 3340 190 
21 4390 3600 790 t4 3950 3250 700 
22 3560 3790 230 45 3590 3440 150 
23 3040 | 3400 360 46 3910 3760 150 
ase x re re "i ani 
n = 92 o? = 167,464 
=X = 317,960 cc = 109 
=X/n = 3456 psi v= 11.8 percent 
=X? = 1,114,248,800 R - 277 
=X*/a= = 12,111,400 o: = 277 X 0.8865 = 246 
3 11,943,936 Vii= 7.1 percent 
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bridge. The architects for the housing project have specified 2000-psi con- 
crete and will permit one test in three to fall below that figure. From Eq. 
(8) we find that for an expected coefficient of variation of 11.8 percent, and 
a value of t from Table 3 of 0.431, the required strength equals 


f.! 2000 
= , = = 2110 psi 
(1 —tV) (1 — 0.431 X 0.118) 


Ser 


The railroad has specified 4000-psi concrete with no more than one test 
in ten allowed to fall below that figure. The required strength in this case 
will equal 

=— $710 psi 
(1 — 1.282 X 0.118) 
Previous strength data from field tests or trial mixes will show water-cement 
ratios and cement factors required to produce required strengths. 

The within-batch coefficient of variation (7.1 percent) is computed by 
multiplying the average range R by the factor 1/d2 for two companion cylin- 
ders, dividing by the average strength, and multiplying by 100. Table 2 
indicates that a coefficient of 7.1 percent denotes poor testing practices. 


Example 2 

To emphasize the difficulties of the consumer, assume that during con- 
struction of the bridge, performance tests made periodically at the job site 
showed considerably more variation than was anticipated from the mixing 
plant data. Investigation revealed that the contractor’s foreman at times 
added water to the concrete to facilitate placing operations. Since variation 
in water-cement ratio is one of the greatest sources of variation of concrete 
strength, adding water to the plant-mixed concrete increased, the coefficient 
of variation from 11.8 to 19.5 percent, which is listed as fair control in Table 2, 
and the required strength f., must be increased to meet design requirements. 

4000 ' 
for = — = 5330 psi 
(1 — 1.282 X 0.195) 

This illustrates the cost of permitting poor control practices since concrete 
with good control as shown in Example 1 would serve the purpose equally 
well, with an average strength of 4710 psi instead of 5330 psi. 


Example 3 

A laboratory desired to check the uniformity of its operations. Table 5 
represents test data taken to make this evaluation. Regular test samples 
were taken in the field and two companion cylinders made from each sample. 
The average range between companion cylinders (135 psi) and the 
strength of all tests (3450 psi) are computed as shown below Table 


average 
5. The 
standard deviation (120 psi) is simply the average range multiplied by the 
constant established for two cylinders [Eq. (5)]. The coefficient of variation 
(3.5 percent, within-batch) is the standard deviation expressed as a_per- 
centage of the average strength. Table 2 indicates that a coefficient of vari- 
ation of 3.5 percent is indicative of excellent control for field testing procedures 

















EVALUATION OF COMPKESSION TEST RESULTS 


TABLE 5—EVALUATION OF TESTING METHODS 


28-day strength, psi 28-day strength, psi 
Sample = — - Range, Sample 
No. Cylinder 1 Cylinder 2 psi No. Cylinder 1 Cylinder 2 


3540 3630 90 2990 3260 
3410 3600 190 3040 2990 
3420 3450 30 : 3210 3070 
2920 3210 290 : 3810 3770 
3330 3180 150 3950 4140 
3730 3560 170 3150 3280 
4020 3890 130 ) 2950 2970 
3650 3580 70 3610 3430 
2830 3030 200 : 3870 3780 


124,150 : 135 
2430 135 = 120 
= ~X/n = 3449 x 100) /3449 3.5 percent 


and is good for concrete mixed under laboratory controlled conditions. If 
the equipment and testing methods are accurate the laboratory will provide 
reliable data on the strength of concrete. 


Example 4 

Examination of the quality control charts (Fig. 4) shows that the average 
strength is lower than that required; hence more cylinders fall below f,’ 
(3000 psi) than specified. Even though some cylinders fall below f,.’, nearly 
all are close to that value as would be expected from Fig. 1. This gives more 
confidence in the specified design strength f.’ even though some tests are 
lower. In addition, the large number of tests whose strengths are consider- 
ably in excess of f.’ should also be noted since there may be some compen- 
sation in load distribution for a possible low strength test. 


The moving average for strength should not fall below the required average. 


Whenever the moving average fell below the required average, the number 


of low strengths for that period was greater than allowable. 

The moving average for range should always be lower than the maximum 
average (R,) or the testing must be considered poor. 

The control charts indicate the following: 

1. The W/C ratio should be lowered to increase the average strength or if possible the 
coefficient of variation should be reduced to lower the required strength 

2. Control in general is good but the strength varies from high to low as shown by the 
moving average. An effort should be made to trace the causes of these cycles. 

3. The uniformity of testing should be improved to bring the average range below the 
maximum allowable. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 
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SYNOPSIS 


Attention is given mainly to the physical erosion of concrete in hydraulic 
structures resulting from particles carried by flowing water and from pitting 
resulting from cavities forming and collapsing in water flowing at high veloc- 
ities. Disintegration of concrete by chemical attack as may occur in 
hydraulic structures is also discussed. 

Materials, mix proportions, and construction procedures which will make 
concrete more resistant to erosion are presented. Means of improving concrete 
resistance to chemical disintegration are also discussed. 


INTRODUCTION 


This report is concerned mainly with the physical erosion of concrete in 
hydraulic structures resulting from particles carried by flowing water and 
from pitting resulting from cavities forming and collapsing in water flowing 
at high velocities. Disintegration of concrete by chemical attack as may 
occur in hydraulic structures is also discussed. Other types of disintegration 
are beyond the scope of this report. 


In general, erosion resistance of concrete increases as the strength of the 
concrete is increased. Materials and methods which tend to increase the 
strength of concrete at the surface, or throughout the mass, also increase 
erosion resistance. However, the best concrete that can be made will not 
withstand the forces of cavitation or severe abrasion for a prolonged period. 
Materials, mix proportions, and construction procedures which will make 
concrete more resistant to erosion are discussed. Means of improving concrete 
resistance to chemical disintegration are also discussed. 


*Received by the Institute Apr. 27, 1955. Title No. 52-18 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 27, No. 3, Nov. 1955, Proceedings V. 52. Separate prints are available at 50 cents 
each. Discussion (copies in triplicate) should reach the Institute not later than Mar. 1, 1956. Address 18263 W. 
MeNichols Rd., Detroit 19, Mich. 

x. his report in form and substance as here submitted was approved unanimously by the committee as listed 
a ve. 
t Deceased. 
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EROSION BY CAVITATION 


Vapor bubbles will form in running water whenever the pressure at a point 
in the liquid is reduced to its vapor pressure in accordance with the following 
relationship: 


Ve 


= apparent absolute pressure, ft of water 
velocity head, ft 
coefficient depending upon the shape and/or roughness of the surface 
boundary 
= vapor pressure of water at given temperature, ft of water, absolute 
These vapor bubbles flow downstream with the water and upon entering 
an area of higher pressure collapse with great impact. When water vapor 
is compressed, the pressure of the vapor will increase until the vapor becomes 
saturated; then suddenly with very small increase in pressure the vapor will 
condense into a liquid state. The liquid occupies much less space than the 
vapor from which it was condensed, thus. leaving a cavity. The collapse of 
these cavities has been termed “implosions,” the opposite of ‘‘explosions,”’ 
but is similar in effect. Repeated collapse of such cavities on or near the 
surface of the concrete will cause pitting. Pitting due to cavitation is readily 
recognized from the holes or pits formed, which are distinguished from the 
smoother worn-appearing surface caused by sand, silt, or rocks carried by the 
flowing water. 


Boundary irregularities and shape cause local reductions in pressure when 
water flows past them at high velocity. When the size and nature of the 
irregularity and the flow velocity are such that reduced pressure is equal to 
the vapor pressure of water, cavitation will occur. Damage from cavitation 
is not common in open conduits at water velocities below 40 ft per sec. Fig. 1 


Fig. 1—Pitting in Parker Dam gate 

pier below gate slot. Note pitting in 

metal of gate guide. This type of 

pitting is common and has occurred 

near the control gates on other struc- 

tures. Maximum velocity was 50 ft 
per sec 











EROSION OF CONCRETE IN HYDRAULIC STRUCTURES 


Fig. 2—Pitting in concrete 
baffles in the Bonneville 
Dam stilling basin after 17 
years of heavy service. 


The arrow indicates the direction of 
the high velocity water during each 
seasonal flood. The attrition on 
baffles was progressive and had 
reached a point, when they were 
repaired in 1955, where hydraulic 
conditions in the stilling basin were 
adversely affected by reduction in 
the efficiency of the baffles 


shows the damage which resulted at Parker Dam for a maximum velocity 
of about 50 ft per sec. Fig. 2 shows damage to concrete baffles in the Bonne- 
ville Dam stilling basin after 17 years of service. Velocities ranged from 60 
to 70 ft per sec. Concrete in closed conduits has been pitted by cavitation at 
velocities as low as 25 ft per sec where the air pressure was reduced by the 
sweep of the flowing water. Fig. 3 shows such damage in a conduit below a 
control gate, produced at a velocity of about 25 ft per sec. At higher velocities 
the forces of cavitation are sufficient to erode away large quantities of high- 
quality concrete and to penetrate through thick steel plates in a comparatively 


short time. Concrete in spillways and outlet works of many high dams has 


been severely damaged by forces of cavitation. In closed conduits the liquid 
can be made more compressible by introducing air into the flowing water near 
the point of disturbance, and the forces resulting from collapsing vapor 
bubbles can be reduced. 

The best means, however, of protecting concrete from forces of cavitation 
is the elimination of these forces, whenever possible, by design and construc- 
tion procedures which will produce smooth, uniform flow in the hydraulic 
structure. Abrupt changes in slope and curvature, particularly adverse 
changes which tend to allow the flow to pull away from the concrete surface, 
should be avoided, and care should be exercised to obtain a smooth surface 


Fig. 3—Pitting in 6-in. ID 

mortar lined pipe below 

control gate—velocity about 
25 ft per sec 
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free from irregularities. An example of damage, on the inclined face of Grand 
Coulee Dam, resulting from poor alignment below a place where the forms 
had sprung out of line is shown in Fig. 4. There are a number of examples 
where the bottom of inclined tunnels, spillway buckets, stilling pools, and 
piers and crests just downstream from gate guide slots have been damaged by 
forces of cavitation, and these locations need special attention in design and 
construction. Computed cavitation-free designs are often so conservative 
that their costs are prohibitive. In such cases hydraulic model studies may 
be used to arrive at acceptable designs with due regard to cost. 

The sloping faces of overflow spillways have not been damaged by cavita- 
tion where reasonable care has been taken to produce surfaces of sound con- 
crete without irregularities. Small voids or ‘bug holes” which occur on 
formed surfaces are not necessarily objectionable, but obstructions which 
protrude above the plane of the surface will result in pitting downstream from 
the obstruction. 

Concrete is comparatively strong in compression and there are many tests 
and experiences which show that dense concrete can withstand the impact 
of a jet of water hitting it at velocities as high as 100 ft per sec without damage 
at the point of impact. Damage has occurred in some cases as a result of 
water impact, and it is indicated that such failures may be due to the pressures 
built up in the pores of the concrete which are sufficient to cause failure in 
the concrete in tension at points of reduced pressure. For this reason it 
is desirable to use dense concrete having an impermeable surface when it 
will be expected to withstand the impact of water flowing at high velocities. 


EROSION BY ABRASION 

Erosion of concrete by silt, sand, 
gravel, and other solids can be as se- 
vere as that caused by cavitation. 
Fig. 5 shows erosion caused by move- 
ment of sand and gravel by eddy cur- 
rents in the bucket of Grand Coulee 
Dam. Stilling basins which are not 
self-cleaning in which rocks and sand 
collect are eroded by the movement 
of solids by eddy currents in the pool, 
and concrete over which large quanti- 
ties of sand and gravel are transported 
by floods may be seriously eroded. 

Concrete in the invert of the 20-ft di- 
ameter, 1300ft long tunnel at Anderson 
Ranch Dam was worn away toa depth 
of about 3 in. while it was used for 


Fig. 4—View looking up spillway face 
of Grand Coulee Dam showing pitted 
area at elevation 990 below place 


where form sprung out of line during 
construction 


diverting the flow of the river for 43 
months during construction of the dam. 











EROSION OF CONCRETE IN HYDRAULIC STRUCTURES 


Fig. 5 — Surface of de- Ty 
watered bucket of Grand 
Coulee Dam showing con- 


dition of surface eroded by 
sand and gravel 


The water carried large quantities of silt, sand, and gravel during the spring 
runoff, and when the tunnel was unwatered the invert was covered to a depth 
of several feet with such material. The wear was fairly uniform on all types 
of aggregate and the exposed surfaces of the larger aggregate were smooth 
and flat. Some of the 1:2 dry-packed mortar patches in this tunnel were 
completely eroded away, and in general the mortar patches were eroded more 
than the surrounding concrete. Maximum velocity of the water in the tunnel 


was about 30 ft per sec. The new low-slump concrete which has been installed 
in this tunnel and subjected to high velocities of relatively clear water since 
it was converted to an outlet tunnel, shows only slight wear. Similar erosion 
was experienced in the diversion tunnels of Hoover Dam prior to their con- 
version to outlet and spillway tunnels. There are many cases where the 
concrete of dams and tunnel linings has been damaged by erosion during 
the construction period, and this possibility should not be overlooked in 
design considerations. 

Fig. 6* shows that the comparatively low bottom velocity of 5 ft per sec 
is capable of moving rock particles as large as 4 in. in diameter. Apparently, 
the rate of erosion is dependent on the quantity, shape, size, and hardness 
of the particles being transported, the velocity of the water, and the quality 
of the concrete. Concrete-lined irrigation canals which usually carry small 
quantities of solids show no appreciable erosion after years of service for 
velocities as high as 6 ft per sec. 

Where it is expected that the conduit will carry solids or that abrasion 
will result from solids and eddy currents, the concrete should be of the highest 
quality, because abrasion resistance increases as strength of the concrete is 
increased. It is not necessary to be as particular about alignment and surface 
smoothness where only abrasion is expected and where the velocity of the 
water will not exceed 40 ft per sec. 


*From “The Start of Bed-Load Movement and the Relation between Competent Bottom Velocities in a Channel 
and the Transportable Sediment Size,"’ by Norendra Kumar Berry, University of Colorado, 1948 
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Fig. 6—Relation between competent bottom velocity and transportable sediment 
size 


EROSION BY CHEMICAL ATTACK 


The compounds present in set portland cement are attacked by water 
and many salt and acid solutions, though fortunately in most instances the 
action on an impermeable mass of hardened portland cement paste is so slow 
as to be unimportant. There are, however, certain conditions to which 
concretes may be exposed producing reactions which become serious. 

One of the compounds formed when cement and water combine is hy- 
drated lime, which is readily dissolved by water and more aggressively dis- 
solved by pure mineral-free water as is found in some mountain streams. 
Dissolved carbon dioxide is contained in some fresh waters in sufficient quantity 
to make the water slightly acid and add to its aggressiveness. Serious attacks 
by fresh water, partly on concrete surfaces, but more markedly in defective 
(porous or cracked) parts of interior concrete of conduits have been reported 
in Seandinavian countries. In America there are many instances where 
the surface of the concrete has been etched by fresh water flowing over it, 
but serious damage from this cause is uncommon. A review of raw water in 
many reservoirs throughout the United States, published in V. 3 of the Trans- 
actions of the Fourth Congress on Large Dams, indicates a nearly neutral 
condition for most of these waters. 
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The main concrete corrosion problem in a sewer is chemical attack by 
sulfuric acid in the crown of the sewer. Sanitary sewage (domestic house 
sewage derived principally from dwellings, business buildings, institutions, 
and the like, which may or may not contain some groundwater, surface 
water, storm water, and a small proportion of industrial waste liquid) generally 
fluctuates slightly above and below a pH of 7.0, averaging out as neutral. 
Such sewage does not attack concrete. However, conditions of temperature, 
sewage concentration, and velocity of flow may be such that sulfur-bearing 
materials in sewage are converted to hydrogen sulfide gas by bacteria re- 
posing in the silt or scum in the sewer. If sewage flows very slowly or is 
stagnant, the rate at which hydrogen sulfide is generated may exceed the 
rate at which it can be oxidized by the oxygen dissolved in the sewage and 
hydrogen sulfide gas may emerge into the atmosphere above the sewage. 
Before hydrogen sulfide gas can do any damage to the sewer crown it must 
come in contact with moisture on the crown where, under certain conditions, 
it is converted to sulfuric acid. Although information is available which 
should enable the engineer to design, construct, and operate a sewer so that 
the development of sulfuric acid is practically eliminated, it is not always 
possible to accomplish this, and corrosion of concrete sewer pipe from this 
acid is a serious problem in some cities. 

No portland cement concrete, regardless of what may be its other ingre- 
dients, will long withstand water of high acid concentration. Where strong 
acid corrosion is indicated, an appropriate surface covering or treatment 
should be used. Replacement of a portion of the portland cement by a 
suitable pozzolan in amounts up to 30 percent will improve the resistance 
of concrete to weak acid attack. 

Sulfates of sodium, magnesium, and calcium frequently encountered in the 
“alkali” soils and groundwaters of the western United States attack concrete 
aggressively. The sulfates react chemically with the hydrated lime and 
hydrated calcium aluminate in the cement paste to form calcium sulfate 
and calcium sulfoaluminate, which is accompanied by considerable expansion 
and disruption of the concrete. Concrete containing cement low in tricalcium 
aluminate (C;A) is highly resistant to attack by sulfate-laden soils and waters. 
Whenever the sulfate (as SO,) in the water is above 1000 ppm, a sulfate- 
resisting cement low in C;A should be used. Use of a suitable pozzolan for 
replacement of Type I or Type II cements (which are usually relatively high 
in C;A) in amounts approximating 30 percent will improve the sulfate resist- 
ance of the concrete. Rich mixes are more resistant to sulfate attack than 
lean ones. 


MIX PROPORTIONS AND MATERIALS 


It has been conclusively demonstrated that resistance of concrete to forces 


of cavitation and abrasion increases with increased compressive strength of 
the concrete. It is recommended that when the structure will be subjected 
to forces of cavitation or abrasion the mix be proportioned for a strength of 
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at least 6000 psi. Where sulfate attack is expected, the water-cement ratio 
of the concrete should be held below 0.45 by weight. The ACI Committee 
613 report* gives information on mix proportions, and the report of ACI 
Committee 6147 gives information on measuring, mixing, and placing of 
concrete. 


Cement 

The type of portland cement is of little importance from an abrasion and 
cavitation-resistance standpoint, provided adequate compressive strength is 
obtained at the desired time. Cements low in tricalcium aluminate (such as 
Type V) are much more resistant to sulfate attack than cements high in this 
compound. No portland cement is resistant to acid attack. 


Pozzolans 

Pozzolans are siliceous materials, natural or artificial, which, though not 
cementitious in themselves, contain constituents that will, at ordinary temper- 
atures, combine with lime in the presence of water to form compounds which 
have low solubility and possess cementing properties. Suitable pozzolans, 
when used to replace a portion of the portland cement in the concrete, com- 
bine with the lime liberated during the hydration processes to form a more 
stable product. Usually concrete is made more impermeable through ad- 
dition of a finely divided pozzolan. Pozzolans improve the resistance of 
concrete to leaching and weak acid attack and to sulfate attack where they 
replace portions of cements relatively high in tricalcium aluminate. Concrete 
in which a portion of the cement has been replaced by a pozzolan usually 
develops strength slower than a concrete made with straight portland cement 
and this should not be overlooked where abrasion is expected*soon after 
placing the concrete. 


Aggregates 

It has been demonstrated that the larger particles of aggregate are plucked 
out or pushed out of the concrete by the forces of cavitation more easily 
than the smaller particles. It is indicated, therefore, that the maximum size 
aggregate should be limited to 34 in. where cavitation might occur. The 
aggregate should be sound, but its hardness is not of as great importance as 
in the case of abrasion where the aggregates resist abrasion after the layer 
of mortar has been eroded away. Good bond is more important than hard- 
ness in the case of cavitation. 


In the case of abrasion, the aggregates are not pulled out of the matrix, 
but are worn down by solids carried in the flowing water. An aggregate 
which will resist wear is desirable in this instance, and the fine and coarse 
aggregate should preferably contain not more than 2 percent of soft particles. 
Aggregates are more resistant to chemical attack than cement paste, and any 





*ACI Committee 613, “Recommended Practice for Selecting Proportions for Concrete (ACI 613-54),”ACI 
JournAL, Sept. 1954, Proc. V. 51, pp. 49-64. 

tACI Committee 614, “Recommended Practice for Measuring, Mixing and Placing Concrete (ACI 614-42) ,”’ 
ACI Journat, June 1945, Proc. V. 51, pp. 625-650. 
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aggregate which meets the usual specifications should be suitable where this 
is the main consideration. 









Entrained air 

Entrained air, obtained either by use of an air-entraining cement or an 
admixture, greatly improves the workability of concrete and its resistance 
to weathering. For the same cement content the strength of richer mixes 
is reduced slightly by air entrainment. But, in spite of this reduction in 
strength, use of entrained air in the proportions listed in ‘‘Recommended 
Practice for Selecting Proportions for Concrete (ACI 613-54),” is recom- 
mended wherever freezing and thawing is expected. Entrained air also 
improves the resistance of concrete to sulfate and acid attack under some 
exposure conditions, due apparently to improved impermeability. 










Slump 

Concrete for structures should be as dry as can be adequately placed, but 
in no case should the slump be over 3 in. Dry-tamped concrete used in 
machine-manufactured pipe should be on the moist side for best results. 








FINISHES AND FINISHING 






The formula given previously in this report shows that as the depth of 
water over the surface is increased the tendency toward formation of cavities 





in the water is decreased. Nevertheless, where water velocities of more 
than 40 ft per sec are expected, the concrete should be built to accurate 
alignment and evenness of surface. Abrupt irregularities caused by dis- 
placed or misplaced form sheathing, lining or form sections, or by loose knots 
in forms or otherwise defective form lumber, should not exceed 14 in. parallel 
to the direction of flow and \% in. at right angles to the direction of flow. 
Gradual irregularities which can be measured by a 5 ft long template should 
not exceed 14 in. For formed surfaces of open, overflow-type spillways, 
irregularities may be increased to twice the size of those listed. For veloc- 
ities above 100 ft per sec, irregularities should be reduced to half the size of 









those listed above. 





Forms may be made of steel, wood, aluminum, or any other material 
which will give the desired smoothness and alignment. Green lumber should 
not be used because, in addition to shrinkage and warping which may occur, 
the tannic acid in the lumber may soften the surface of the concrete. 







Forms should be removed at the earliest practicable time so that curing 
may proceed without delay and necessary repairs or surface treatment done 
while the concrete is still green and conditions are most favorable for good 
bond. The ACI Committee 604 report* gives information on form removal 
during cold weather. Offsets and bulges should be removed by grinding to 
specification limits. 

The concrete of unformed surfaces should contain just sufficient mortar 









*ACI Committee 604, ‘‘Proposed Recommended Practice for Winter Concreting,"’ ACI Journat, Oct. 1955 
Proc. V. 52, pp. 113-130. 
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to avoid the necessity for excessive floating. If the mix is wet and over- 
sanded, an excess of water and fine material will be brought to the surface 
and the result will be a layer of inferior mortar having a high water-cement 
ratio with a tendency to dust, craze, crack, and possibly separate from the 
mass beneath. Working of the surface in the various finishing operations 
should be the minimum necessary to produce the desired finish. The first 
step in the finishing operation is the leveling and screeding of the concrete 
to produce an even and uniform surface. This is followed by floating, which 
should not be started until some stiffening has taken place in the surface 
of the concrete and the moisture film or “shine” has disappeared. The 
floating should work the concrete no more than necessary to produce a sur- 
face that is uniform in texture and free of screed marks. 


From an erosion standpoint, floated surfaces are of sufficient smoothness 
for velocities less than 40 ft per sec. For high velocities the surface should 
be smoothed by steel troweling. Steel troweling should not be started until 
after the moisture film and ‘‘shine’”’ have disappeared from the floated surface 
and after the concrete has hardened enough to prevent an excess of fine 
material and water from being worked to the surface. Steel troweling should 
be performed with firm pressure such as will flatten the sandy texture of the 
floated surface and produce a dense, uniform surface. Dense, impermeable 
surfaces are more resistant to impact by high-velocity jets than porous ones. 
Through use of absorptive forms or the vacuum process on flat surfaces, 
the denseness and strength of the surface of concrete can be increased above 
that which can usually be obtained by proper placing and finishing methods. 
These processes remove water from the surface of the concrete while it is 
still in the plastic state. Concrete surfaces can be protected frqgm forces of 
cavitation and abrasion by rubber-like coatings (see “Resistance of Concrete 
and Protective Coatings to Forces of Cavitation,’’ by W. H. Price and G. B. 
Wallace, ACI Journat, Oct. 1949, Proc. V. 46, pp. 109-120). Tests have 
also shown that metallic aggregate greatly improves the resistance of con- 
crete surfaces to erosion and pitting as a result of cavitation. 

Precast concrete pipe is manufactured in a number of different ways, 
such as by placing and vibrating concrete in vertical forms as in any wall, 
by tamping and packing relatively dry concrete as in the packerhead and 
tamped processes, by spinning plastic mortar or concrete in a horizontal 
form, and by spinning, vibrating, and rolling relatively dry concrete in a 
rotating horizontal form. Conduits are also lined by various processes of 
applying and smoothing mortar on the inside surface of the conduit. There 
is considerable difference in density and strength of the surface concrete 
produced under the different methods and by different manufacturers under 
the same method due to variations in materials, consistency, and curing 
employed. It is recommended, therefore, after it has been decided what 
surface is desirable for the conditions of the job, that a process and procedure 
which will obtain this surface be specified. Specifications of the American 
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Society for Testing Materials and the American Water Works Assn. for 
concrete pipe and mortar-lined steel pipe are given in the bibliography. 


CURING 


Proper hydration of the cement to form hard and durable concrete requires 
that the concrete be maintained in a moist condition for a suitable period, 
usually 14 days. Usual procedure for accomplishing this is to keep the ex- 
posed surface continuously (not periodically) wet by spraying, ponding, or 
by covering with earth, sand, or burlap maintained in a wet condition. Moist 
curing should start as soon as forms can be loosened or removed. Curing 
of unformed concrete should start immediately after the concrete has taken 
its initial set. Under certain conditions it is desirable to cure concrete by 
applying to the exposed surfaces a sealing compound designed to restrict 
evaporation of the mixing water. An effective compound, properly applied 
and maintained for at least 28 days, will, under most conditions, retain enough 
moisture for adequate curing. A white-pigmented compound has been found 
to be especially suitable for hot weather curing, as it considerably decreases 
the heat which would be absorbed from direct sunlight. 

Although attention to curing requirements is important at all times, it is 
especially so in hot dry weather because of the greater danger of crazing and 
cracking. Concrete as deposited should have a temperature of not more than 
90 F because it has been shown that strength and durability of concrete de- 
creases as the placing temperature is raised. Concrete placed in cold weather 
should be protected from freezing in accordance with the ACI Committee 
604 report. 


REPAIRS OF ERODED AREAS 


Where concrete has been damaged by erosion it is almost certain that the 
repaired section will be damaged also unless the cause of the erosion is removed. 
The best concrete made will not withstand the forces of cavitation or severe 
abrasion for a prolonged period. It may be more economical, however, to 
replace the concrete periodically than to reshape the structure to produce 
streamlined flow or to eliminate the solids causing abrasion. Furthermore, it 
may be undesirable to streamline those portions of the structure designed to 
dissipate energy such as dentated sills and other types of obstructions to the 
flow of water placed in stilling basins of spillways. Such sills should be made 
of the best possible concrete. 

In repairing concrete it is necessary that attention be paid to many details, 
because experience has demonstrated that repairs that are carelessly made 
later become defective and have to be replaced. All damaged concrete and 
loose and broken particles should be removed. Where the thickness of section 
permits, holes to be repaired should be enlarged to a minimum depth of 6 
in. with a minimum area of 14 sq ft in reinforced and 1 sq ft in unreinforced 
concrete. There should be a clearance of at least 1 in. around each exposed 


reinforcing bar; they should not be left partially embedded. The top edge 
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of the hole in walls at the face of the structure should be cut to a fairly hori- 
zontal line. If the shape of the eroded area makes it advisable, the top of 
the cut may be stepped down and continued on a horizontal line. In all 
cases in walls or floors it is desirable to make a square edge by cutting around 
the area to be repaired with a concrete saw prior to chipping out the area 
to be repaired. 


It is extremely important that the concrete to be repaired be thoroughly 
cleaned by wet sandblasting, followed by washing with an air-water jet. 
The holes should be kept continuously wet for not less than 12 hr prior to 
placing new concrete. Cavities should be free of any water at the time of 
placing and preferably should be surface dry. The replacement concrete 
should have a slump as low as is consistent with thorough vibration and good 
placement. 


Where velocities above 40 ft per sec are encountered, the repaired areas 
should be made smooth. It may be necessary to grind them after they have 


hardened. 
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Properties and Uses of Initially Retarded Concrete’ 


By LEWIS H. TUTHILLt and WILLIAM A. CORDONT 


SYNOPSIS 


Loss of slump and workability and higher water requirement, particularly 
in warm weather, often impair quality of concrete. Investigation of cor- 
rective agents included development of a penetration resistance test t 
measure rate and progress of hardening, which is described. The effect of 
various factors such as temperature, character and amount of cement, and 
type and amount of retarding agent on rate of hardening, early strength, 
water requirement, and durability, are reported. 


INTRODUCTION 


Many large structures present the problem of maintaining workability of 
newly placed concrete in upper layers so that when the succeeding layer 
is placed the two layers will be monolithic when vibrated. In many situations, 
particularly in warm weather, the interval is so long before the succeeding 
layer can be placed that undesirable ‘“‘cold joints” result which may weaken 
the structure or detract from its appearance. 


Quite often in warm weather, delays in transporting and handling concrete 
between mixing and placing, as sometimes occurs with truck-mixed and 
centrally-mixed concrete, result in slump losses so severe that workmanship 
in placing is jeopardized. The usual job corrective is to add enough more 
water at the start so that slump is high enough to begin with that an inch 
or two or more can be lost without endangering workmanship in placing. 
Obviously this is not good practice. 


Also, with a rise in temperature of ingredients, water requirement of con- 
crete mixes increases. Better concrete could be made in warm weather if 
the mixing water required was the same or less than that needed in cold 
weather. 


These problems prompted investigation of the use of retarding and wetting 
agents, recognizing the necessity of preserving the usual early strength of 
concrete to permit form removal consistent with present-day high-speed 
construction schedules. 
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A study of retarding characteristics of various admixtures could not be 
evaluated properly without a method of accurately measuring comparative 
hardening characteristics of concretes with and without retarding agents. 
This paper discusses test results obtained with apparatus which measures 
resistance to penetration of wet-screened concrete mortars (material passing 
the No. 4 sereen) at regular intervals during the setting period. 

Data are presented which show the hardening characteristics of air-entrained 
mortars and concretes with different retarding agents, different quantities 
of agents, different cements, different water-cement ratios, and different 
temperatures. Performance criteria for the penetration apparatus and 
retarding agents are suggested. The effect of various retarding and wetting 
agents on early strength and water requirement of concrete at various temper- 
atures is shown. 


TEST FOR DEGREE AND RATE OF HARDENING 


For many years, the Proctor penetration needle has been used in rolled 
earthfill construction as a measure of density and compaction. Results of 
tests reported here indicate that this equipment provides an accurate, rapid, 
and economical method of determining hardening characteristics of concrete 
mortar which, though not equal to those of corresponding concrete, are of 
similar character and reliably indicative of what may be expected of the 
concrete. 

The penetration resistance apparatus (Fig. 1) consists of a spring stock 
which measures the total pounds of pressure applied to secure a certain pene- 
tration, say 1 in. Needles of various sizes, ranging in bearing area through 
1, 1/2, 1/10, 1/20, and 1/40 sq in., can be fastened to the stock. Unit re- 
sistance to penetration of the hardening mortar in pounds per square inch 
can be obtained readily, by dividing the load by the bearing area of the 
needle used. All purposes of the test are served under the assumption, which 
apparently is true as the hardening mortar requires use of successively smaller 
needles, that the same number of psi are required to cause penetration of 
these several sizes of needles. A maximum force of 4000 psi can be produced 
with this apparatus using a needle 1/40 sq in. in area, but with a short shank 
to avoid its breaking. Concrete may be considered hardened or having 
reached final set when this unit force will not cause this needle to penetrate 
the mortar 1 in. Usually the concrete will be harder than the mortar at this 
point and will have a compressive strength of nearly 100 psi. Also, the 
concrete is usually stiffer than the mortar at any point during hardening 
as indicated by greater immobility and resistance to deformation. 


Hardening characteristics of concrete are closely parallel to those of its 
mortar, apparently because it is the mortar that hardens, not the coarse 
aggregate immersed in it to make concrete. However, due to the coarse 
aggregate, workability of concrete at a given degree of hardening usually 
will be less than that of its mortar and its rate of hardening will appear to 
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INITIALLY RETARDED CONCRETE 


be faster than that of its mortar. Af- 
ter the first few hours, heat of hydra- 
tion, dissipating more slowly from 
larger concrete masses, will contribute 
toward concrete in place hardening 
more rapidly than a comparatively 
small sample of its mortar. Never- 
theless, various practical indications 
such as response to late revibration, 
work required for later finishing or 
marking in the concrete, and loss of 
slump, indicate the degree to which 
the concrete has hardened. The rate 
of hardening indicated by the con- 
crete will be found to be proportion- 
ately slower as its mortar shows slower 
hardening by lower resistance to the 
penetration test. 


Test procedure 
Wet-screened mortar from the con- 
crete is placed in a container at least 






















6 in. deep. The container must be 
large enough to take a minimum of 
ten undisturbed readings of penetra- A 
tion resistance; two cans 5 or 6 in. in 
diameter may be used. A container 
holding at least 14 cu ft is filled with 
the concrete for observation of its 








hardening progress during the period ' 
of penetration tests of its mortar. A 
*( I re s aS ry ; a is é s ; ww doo e e 
con rete te st cylinder is made for de Fig. 1—Proctor penetration apparatus 
termination of strength When penetra- ysed to determine hardening rate of 
tion resistance of its mortar reaches concrete mortars 


4000 psi, and another is made for test 

at 48 hr. These tests provide further information on the early hardening 
characteristics, and give confidence that the retarded concrete will proceed to 
develop proper strength. 

Temperature of the mortar should be, and remain during the test, at the 
average temperature at which concrete will be placed and harden. After 
the mortar has been vibrated in the container, it is covered and placed in 
a room maintained at the desired temperature. Bleeding water is poured 
off before making a penetration test. 


After there is some indication that setting has commenced, penetration 
resistance readings are taken at such intervals as are necessary to define the 














276 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1955 








hardening characteristics using penetration needles of appropriate end area, 
depending on how much the mortar has hardened. These intervals may vary 
from 14 to2 hr. The first reading is taken with a needle having a 1-in. bear- 
ing area, applying the pressure steadily and gradually until the needle has 
penetrated the mortar 1 in. The time, size of needle, and pressure applied 
are recorded. A l-in. needle can be used until penetration resistance has 
reached the maximum pressure of the spring. Smaller needles must be used 
in succeeding readings, as necessary to penetrate 1 in., as the mortar continues 
to harden. 


THE VIBRATION LIMIT 



























The vibration limit is that point during hardening of concrete when it | 





no longer can again be made plastic by revibration. This is the point beyond ; 
which we cannot expect to make a delayed second layer of concrete become i 
monolithic with its preceding layer. A running vibrator will not sink of j 
its own weight into concrete that has passed the vibration limit. For this 
reason, when hardening of a preceding layer passes this point, it cannot be : 
made monolithic with the next layer and cold joints are possible. 5 
The vibration limit then is the point during hardening which in many 3 
cases would be better timed if postponed, in relation to the time of mixing. ’ 
At low temperatures comparatively little delay over the usual time to reach 3 
the vibration limit may be advantageous; in hot weather two or more times 4 
the normal time to reach the vibration limit is often desirable. With such : 


additional time as needed in this interval obtainable through appropriately 
controlled use of a suitable retarding agent, concrete placing can proceed 
on the basis of most efficient working areas, depth of layers, and sequence 
of operations and yet obtain fully homogeneous monolithic placement with- 
out fear of getting cold joints and related objectionable results. As the 
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time to reach the vibration limit is increased with a retarder in warm weather, 
slump loss and demand for extra mixing water are correspondingly decreased. 

As measured by resistance of the concrete mortar to the penetration test, 
it has been demonstrated that the vibration limit will be reached at a resist- 
ance of approximately 500 psi. This value can be adjusted in accordance 
with trials of response to penetration of a running vibrator in the concrete 
held for observation during the mortar penetration test. 





HARDENING CHARACTERISTICS OF CONCRETE 
MORTARS UNDER VARIOUS CONDITIONS 


Retarding agents 

The retarding agents used in this investigation include both proprietary 
and nonproprietary materials. Table 1 shows the principal chemical ingredient 
of each agent. 

Fig. 2 shows the effects of different retarding agents on the hardening 
characteristics of concrete mortars. These test results show that concrete 
mortar with this particular cement and no retarding agent starts to harden 
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at approximately 5 hr. After this TABLE 1—PRINCIPAL CONSTITUENTS 
time, the hardening becomes increas- OF RETARDING AGENTS 


ingly more rapid and the mortar be- 


: Agent Principal chemical ingredient 
comes hard at approximate ly 7.7 hr. — Calcium salt of lignosulfonic acid 
When agent PS is added in the amount Puy Calcium salt of lignemsifonie acid 

PS* Adipic acid , : 

: y sree , welge F pa » At Ammonium salt of lignosulfonic acid 
of 0.3 pe reent by we ight of ceme nt, Bt Ammonium salt of lignosulfonic acid 
mortar does not start to harden until St Sodium salt of lignosulfonic acid 

Lt Calcium salt of lignosulfonie acid 
about 6 hr and does not become hard 
° . *Ad owder. 
until about 9 hr. Other retarding $k Sioineush enhetien. 


agents, added in the same amount, re- 

tard hardening more by varying amounts. When agent PP is added in the 
same proportion, hardening does not commence until about 8 hr and does 
not become hard until approximately 12 hr. Thus different retarding agents 
vary widely in the amount of retardation given to concrete. 


Quantity of retarding agent 

Fig. 3 and 4 show the hardening characteristics of concrete mortars made 
with two different cements in which the quantity of retarding agent used 
was varied from 0.1 to 1.0 percent by weight of cement. The similarity in 
shape of these curves shows that, when the amount of retarding agent is 
not excessive, hardening follows practically the same characteristic hardening 
schedule as mortar without retarder, except that each point is at a later 
time after mixing. 
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Fig. 2—Different retarding agents increase the time of hardening by different 
amounts 
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As expected, hardening of the concrete mortars was retarded more as a 
greater quantity of retarding agent was used. This indicates that hardening 
characteristics of a concrete can be carefully controlled by adjusting the 
quantity of retarding agent. These data also show that when excessive 
amounts of retarding agent are used, the retarding action is excessive and the 
vibration limit and early strength required for form stripping will be post- 
poned much beyond practical limits. 

Another interesting condition is noted in Fig. 4 where the ordinarily ex- 
cessive amount of 1.0 percent of agent A was used. Within a few minutes 
after the concrete mortar was placed in the cylinder, it began to show a 
tendency to harden, and as shown by increasing penetration resistance at 
early ages, exhibited premature setting, although the cement alone did not 
exhibit false set. What is of further interest about this particular mortar, 
however, is the fact that it required 3 days to reach a penetration resistance 
of 4000 psi and at 28 days it showed only 24 the strength of mortar without 
an agent, and only 1% the strength of mortar with 0.3 percent of agent. With 
the cement used in Fig. 3, however, the hardening characteristics of mortar 
containing 1.0 percent agent A were typical except that 30 to 35 hr elapsed 
before the mortar completely hardened, as measured by its resistance of 
4000 psi to penetration. 


Temperature 

The influence of temperature on setting of concrete is well known to any 
who have worked with concrete under different temperature conditions. 
Fig. 5 shows hardening characteristics of concrete mortars containing three 
different cements which were placed and allowed to harden at three 
different temperatures, 50, 75, and 100 F. These data indicate that the 
time it takes concrete to reach the vibration limit and to harden completely 
may increase as much as four times with a decrease in temperature from 100 
to 50 F. It is also important to note that the time it takes concrete to harden 
completely after hardening commences, increases materially at low temper- 
atures. This phenomenon of slower hardening is the same as that causing 
slower strength gain at low temperatures. 

Fig. 7 shows that rapid setting caused by high temperatures may be offset 
by appropriate dosages of a suitable retarder. 


Different cements 

Variation in hardening characteristics of cements produced by different 
mills has been noted. The data in Fig. 3 and 4 show considerable variation 
between two different cements. Although cement M-1700 (Fig. 4) takes 6 
hr to harden completely without any retarding agent, 0.5 percent of retarding 
agent A increases this time to 11 hr. Cement M-2005 (Fig. 3) also hardens 
in about 6 hr without any agent, but 0.5 percent of retarding agent A increases 
this time to approximately 14 hr. 

A more important difference in cements may be observed in Fig. 5. 
Cement M-2005 has the longest hardening period at 100 F, is intermediate 
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Fig. 5—Temperature and brand of cement influence hardening characteristics 
of concrete mortars 


at 70 F, and has the shortest hardening period at 50 F. This characteristic 
would be desirable for both high and low temperatures. 
Table 2 shows results of the ASTM time of set tests on the cement pastes. 


Some retarders are often effective in allaying false set as the data in Table 


3 show. 


Richness of mix 

Changes in water-cement ratio of the concrete mortar affect its hardening 
characteristics as indicated in Fig. 6. These data indicate that rich concrete 
hardens faster than lean, despite containing more retarder per unit of con- 
crete. After initial hardening takes place, the hardening characteristics of 
mortars with different water-cement ratios appear to be similar, except for 


the time factor. 


Control of time to reach vibration limit in hardening 
From these test results it appears that the penetration resistance method 


TABLE 2—TIME OF SET OF CEMENT PASTES 


<3) ee ; | 


Cement Normal consistency, Initial set Final set 

percent 
M-—1700 26.2 4 hr 30 min 6 hr 45 min 
M-1661 24.0 5 hr 7 hr 50 min 
M-—2005 24.2 3 hr 40 min 6 hr 25 min 
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of test is a simple control procedure TABLE 3—EFFECT OF RETARDER ON 


which makes it possible, with suitable FALSE SET 


retarding agents, to readily Renidentindeal 
Percent Vicat needle, mm 


1. Produce concrete having a vibra- 
retarder 


tion limit timed to insure monolithic it sts =n 
e 2 e 
placing and relative freedom from cold 


joints. 40 

2. Produce concrete having little or 33 
no slump loss under job conditions in 25 38 
warm weather. 36 

3. Produce concrete with compara- 
tively little increase in water require- 
ment in warm weather. 

4. Determine what dosage of retarding agent is necessary for (1), (2), and (3) as 
changes occur in the source of retarding agent, the brand of cement, the mix, and in 
temperature of each material and the weather. 

5. Determine retarding action of each shipment of retarding agent to the job to 
insure either that it will not change the selected time to reach the vibration limit, 
or that a proper adjustment in the dosage is made to this end. 


EARLY STRENGTH OF CONCRETE WITH MORTAR OF 
VARIOUS HARDENING CHARACTERISTICS 


So that construction operations will not be delayed, it is usually important 
for early strength, say at 48 hr, not to be impaired by any retarder used 
to prolong workability of the concrete. As indicated in Table 4, retarding 
agents are available which are capable of meeting both these requirements. 
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Fig. 6—Richer concrete mortars (lower W/C ratio) harden more rapidly 
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In fact, with some, due to their reduction in water requirement also, strength 
at 48 hr and later ages is slightly greater than that of concrete without the 
agent, when cement content is unchanged. 


REDUCTION OF WATER REQUIREMENT 


Increase in water requirement during weather warm enough to raise the 
temperature of fresh concrete has been widely observed in the field and is 
a matter of record in the laboratory (Fig. 8). Accordingly, concrete strengths 
are lower in warm weather unless cement content is increased to maintain 
the water-cement ratio. Actually this much extra cement does not fully 
offset the lower later strengths which result when concrete is mixed and 





: placed at higher than normal temperatures (Fig. 7, “Factors Influencing 
Concrete Strength,” by W. H. Price, ACI Journat, Feb. 1951, Proc. V. 47, 
‘ p. 422). 


d Aside from considerations of strength and economy, better concrete, less 
subject to drying and thermal shrinkage, will result when water and cement 
content can be kept minimum at the same W/C. For this reason, particularly 
in warm weather, an agent which will reduce water requirement of air-entrained 
concrete several percent, as well as prolong workability, would be especially 
worthwhile. Specific instances where it would be especially desirable from 
a technical standpoint to reduce water requirement are: 


1. When temperature of concrete as placed exceeds 70 F. 
i 2. If aggregates have a water requirement of more than 275 lb per cu yd for a 
114-in. maximum aggregate mix with 3-in. slump. 

3. When slump loss is consistently measurable. 

4. If concrete is not dry-batched and mixed at the forms. 

5. When there is evidence of false set in job cement. 

». In mass concrete containing 3-in. and larger aggregate. 

7. In concrete where slump is greater than 3 in. 


Whether cement content may be reduced with such reductions in water 
content or not will depend on the circumstances in each case. Whether it 
will be economically desirable to use a water-reducing agent in any of these 





cases will depend on the cost of using such an agent. 

Performance of agents tested is encouraging in respect to water reduction 
as shown in Table 4 and Fig. 8. In Table 4, data in the column ‘Water 
requirement, percent”? are based on 100 being the water requirement of 
air-entrained concrete. On this basis water reduction by means of a retarding 
and wetting agent is usually considerably less than when compared with 
water requirement of concrete without air entrainment. 


DURABILITY 


There are few temporary or other improvements in concrete properties, 
either before or after hardening, that are sufficiently worthy to offset a serious 
impairment of durability. Consequently, several indicative freezing and 
thawing tests have been made on concretes in which retarding agents were 
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Fig. 7—Different quantities of retarding agent will produce similar hardening 
characteristics of concrete mortars at different temperatures 
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Fig. 8—Increase in water requirement caused by increased temperatures can 
largely be offset by effective use of water-reducing agents 
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TABLE 5—DURABILITY OF INITIALLY RETARDED AIR-ENTRAINED CONCRETE 


Retarding agent, Cement Entrained air Freezing and thawing 

Investigation percent by weight content, content, cycles to failure, 

of cement Ib per cu yd percent 28-day fog cure 
Laboratory concrete, Denver, 0.15 419 3.8 800 
1\%-in. maximum aggregate 0.25 403 4.9 950 
wet screened to %4-in.) 0 468 5.1 1170 
3-in. slump 0.20 106 5.6 1040 
0 $56 6.0 1350 
Laboratory concrete, Kirwin, 0 164 6.3 270 
34-in. maximum aggregate 0.25 470 6.5 390 
0.20 4652 4.2 340 


used. Table 5 shows that there is no reason to question the effect of a suitable 
retarding agent on durability, considering the differences in amount of en- 
trained air and cement, and in character of aggregates. 


PERFORMANCE REQUIREMENTS FOR A RETARDING 
AND WETTING AGENT 


Purpose 

Sometimes concrete placing can be done better and more efficiently if 
workability of the concrete can be prolonged for considerable additional 
time beyond that in which the concrete ordinarily would become too hard 
to vibrate and make monolithic with a subsequent layer. Slump loss is often 
troublesome in warm weather, especially in truck-mixed or centrally-mixed 
deliveries. Reduction in water requirement is always desirable, particularly 
in warm weather when it usually increases. An effective retarding and wetting 
agent will do much to provide a corrective for these problems. 


Use 

No agent should be used until it has been found by test to produce a con- 
crete having desirable hardening, strength, and durability characteristics. 
Hardening and strength tests should be made at regular intervals to confirm 
its performance during the time it is used, particularly when a different supply 
or shipment of agent has been received. Tests on mixes should also show 
that it reduces water requirement. 


Test method 

Hardening characteristics should be determined by measuring at indicative 
intervals the resistance to penetration 1 in. in depth, in mortar wet-screened 
from the concrete, of a standard Proctor penetration needle, at a temperature 
corresponding to that existing where concrete is placed. Standard tests 
should be used to determine reduction in water requirement, strength at 
various ages, and durability. 
Test criteria 

Resistance to l-in. penetration should not exceed 50 psi before 3 hr after 
mixing or 500 psi before a period considered ample to avoid cold joints and 
insure monolithic consolidation between al] layers and units as placed; also 
the concrete mortar should have a penetration resistance of at least 4000 
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psi within 3 hr after it has a resistance of 500 psi, at temperatures above 
65 F. 

Water requirement at temperatures above 65 F should be at least 5 percent 
less than when no agent is used in air-entrained concrete. 

The 48-hr strength of concrete containing the retarding agent should be 
equal to or exceed the strength of concrete of the same cement content with- 
out the agent. The time for reaching this early strength may be increased 
as job requirements permit, thus allowing use of more agent with further 
reduction in water content. There should be no reduction in ultimate strength. 


Durability as determined in freezing and thawing tests should not be less 
than that of concrete of the same cement and air content without the agent. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 
















































Title No. 52-20 


Kemano Penstock Tunnel Liner Backfilled with 
Prepacked Concrete’ 


By R. E. DAVIS, JR.,.t G. D. JOHNSON, and G. E. WENDELLS§ 


SYNOPSIS 


The 11-ft diameter underground penstock tunnel which, under a 2600-ft 
static head, supplies water to the Aluminum Company of Canada power plant 
at Kemano, British Columbia, was backfilled with prepacked concrete. 
Unique with respect to magnitude of operating head and size of penstock, the 
steel liner was designed on the assumption that a large percentage of the 
total water load would be transmitted through the backfill to the rock sur- 
rounding the tunnel. To achieve this condition it was necessary that the 
backfill be substantially free of voids and that the temperature rise produced 
by hydrating cement be low. 

Coarse aggregate for the backfill was placed down steeply inclined sections 
for distances up to 2000 ft by a tremie pipe so as to fill the space between 
liner and rock. In horizontal sections, coarse aggregate was pneumatically 
transported and placed for distances up to 600 ft by a “rock blower’’ and 
conveyor pipe. The voids of the coarse aggregate backfill were intruded 
with heavily sanded grout which was pumped horizontally for distances up to 
3000 ft and upward nearly 1500 ft. By such grouting, prepacked concrete 
containing about 4 sacks of cement per cu yd was produced at a maximum 
rate of about 600 cu yd per day. 

After the prepacked concrete had hardened, 1-in. diameter cores were 
taken at many of the liner grout holes. These cores indicated that the 
backfill was free of voids of significant size. The only holes which took any 
measurable quantity of neat grout under high pressure were those where the 
surrounding rock structure was water-bearing or badly fractured. Physical 
tests on cylinders and cores indicated that ultimate compressive strength of 
the prepacked concrete was generally in excess of 5000 psi and that, unlike 
conventional concrete, it behaved as an elastic material even at early ages. 

Inspections by tapping with a hammer after the backfill had cooled and 
hardened have indicated that there was complete contact between liner and 
backfill.. Penstock pressure tests made at two stations where the liner was 
14% in. thick, under a maximum pressure of 1000 psi maintained for 8 hr, 
showed that the backfill was carrying 76 percent and the steel liner 24 percent 
of the water load. As clear evidence that there were no shallow voids between 
liner and backfill, such as might be produced along the invert by bleeding, 
as loading took place the stress in the liner was directly proportional to pressure 
within the penstock. 

*p resented at the ACI 51st annual convention, Milwaukee, Wis., Feb. 23, 1955. Title No. 52-20 is a part. of 
copyrighted JouRNAL OF THE AMERICAN ConcreTE INsTITUTE, V. 27, No. 3, Nov. 1955, Proceedings V. 52. 
Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than Mar. 1, 1956. Address 18263 W. MecNichols Rd., Detroit 19, Mich. 

tMember American Concrete Institute, General Superintendent, The Prepakt Concrete Co., Cleveland, Ohio, 


{General Manager, British Columbia International Engineering Co., Vancouver, B. C., Canada. c 
§Member American Concrete Institute, Project Engineer, The Prepakt Conerete Co., Cleveland, Ohio, 
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INTRODUCTION 


In July, 1954, three generating units were placed in operation at Kemano, 
B. C., Canada, marking completion of the first stage of construction of a 
power development for the Aluminum Company of Canada. To generate 
power for Alcan smelters at Kitimat, B. C., it was necessary to: 


1. Build a 324-ft high rock fill dam on the Nechako River to stop the flow of water from 
the eastern terminus of a large drainage area and to form a reservoir having an area of 340 
sq miles and a live storage of 4,000,000 acre-ft. 

2. Drive a 10-mile, 25-ft horseshoe tunnel from the western terminus of the reservoir 
through the coast-range mountains at an elevation of 2800 ft. 


3. Construct within the mountain an 11-ft diameter steel-lined penstock, 3900 ft long, 
mostly on a 48-deg slope, operating under a maximum static head of 2600 ft. 


4. Excavate and build within the mountain at Kemano an underground powerhouse 700 
ft long, 83 ft wide, and 140 ft high. 

5. Erect a 50-mile transmission line through mountainous terrain over a 5300-ft pass to 
the smelters at Kitimat. 

Under the initial contract, two penstock tunnels were excavated; however, 
only one tunnel was lined. There have been larger penstocks and others 
carrying a higher head, but the Kemano penstock appears to be the largest 
operating under a head as great as it carries. In one other respect the Kemano 
penstock is of unusual design. Generally, large steel penstocks have carried 
the full water load. Had this practice been followed in the design of the 
Kemano 11-ft' diameter penstock it would have required a maximum steel 
thickness of about 5 in. Because of transportation and construction diffi- 
culties, to say nothing of cost, any such thickness was impracticable. 

It was computed that if the space between liner and rock were completely 
filled with hardened concrete of desired quality, the portion” of the water 
load carried by the liner might be as low as 25 percent and that carried by the 
backfill as high as 75 percent. The design, however, was based upon the 
more conservative assumption that the load carried by the liner might not 
be less than 40 percent of the total. 

From results of laboratory investigations and job experiences it appeared 
that prepacked concrete possessed advantages: over conventional concrete 
with regard to (1) lower temperature rise due to hydration of cement and 
less tendency for the liner to pull away from the backfill as the temperature 
declined; (2) less likelihood of water or air voids of significant size being 
formed beneath the invert of the steel liner; (3) elimination of large voids 
along the irregular crown of the tunnel section, with the uncertainty of filling 
such voids by grouting after hardening of the concrete; (4) better filling of 
the seams and channels in the rock immediately surrounding the tunnel 
during grouting of the coarse aggregate of the backfill; and (5) greater imper- 
meability and less tendency toward the removal of calcium hydroxide from 
the hardened cement paste by leaching in regions where exterior water pres- 
sures were encountered, and hence less likelihood of the backfill drainage 
system in time becoming plugged with calcium carbonate. 
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Prepacked concrete (usually known under the trade name ‘Prepakt’’) 
is manufactured by first placing in the forms coarse aggregate of about 
in. minimum size and then filling the voids of the coarse aggregate mass 
with a special grout composed of portland cement, Alfesil (a finely divided 
pozzolanic material), sand (substantially all of which passes the No. 16 sieve), 
and a small quantity of an intrusion aid which acts to reduce the water re- 
quirement, helps maintain the solids in suspension, and produces a small 
expansion prior to the time of setting. Sufficient water is employed to pro- 
duce a grout of thick cream consistency, which can be readily injected into 
the aggregate to fill completely the voids, yet which prior to the time of 
setting will not bleed so as to produce water voids beneath the pieces of 
coarse. aggregate. When the intrusion aid is used in usual amount, it retards 
the time of setting, and prepacked concretes characteristically exhibit lower 
strengths at early ages than do corresponding conventional concretes, although 
they continue to gain in strength for a much longer period. The 90-day 
compressive strength of prepacked concrete generally corresponds to the 
28-day compressive strength of conventional concrete. 


GENERAL DESCRIPTION OF WORK 


Fig. 1 shows a profile and typical cross section of Penstock Tunnel No. 1. 
The tunnel proceeds downward on a 48-deg slope from the end of the horse- 
shoe tunnel and a valve chamber at el 2600 for about 1200 ft to el 1685; 
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Fig. 1—Penstock tunnel 
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from an elbow at this point it runs horizontally for 675 ft, then it again drops 
on a 48-deg slope for about 2000 ft to an elbow at el 210, the powerhouse 
level. From here it runs horizontally for 300 ft to a manifold from which 
branches lead to the turbines. The 11-ft diameter steel liner increases in 
thickness from % in. at the 2600-ft level to 45% in. at the 1685-ft level to 
115% in. at the powerhouse level. 

Access to the penstock tunnel was provided by adits at el 2600 and 1685 
and through the powerhouse. At the 1685- and 2600-ft levels, materials 
were delivered by aerial tram from the floor of the Kemano Valley. From 
aerial tram delivery, materials were transported by rail car. Liner sections 
and coarse aggregate for prepacked concrete for the upper raise of the pen- 
stock above the elbow at the 1685-ft level were delivered to the 2600-ft level: 
sections of the steel liner and coarse aggregate for the lower raise above the 
elbow at el 210 were delivered to the 1685-ft level. 

Outside the tunnel at each level, short sections of liner were machine- 
welded together to form longer sections or “cans’”’ varying from 28 to 56 ft 
long. After being let down the incline on properly positioned skid rails which 
were left in the work, or hauled into position in the horizontal runs by dolly 
and then let down on steel columns, these sections were joined by hand 
welding from the inside. 

After welding of the liner had been completed, the equipment for placing 
aggregate was moved in, and the 2 to 4-ft irregular space between liner and 
rock surrounding the tunnel was filled with aggregate. 
































Grouting was continuous from one end to the other of a given section so 
that there would be no cold joints within the prepacked concrete mass except 
at transverse construction joints at the ends of the section. Grout was 
injected through holes in the liner, starting at low points of the backfill; 
the operation was conducted so that air or water within the voids of the 
aggregate mass could not become entrapped with grout. Once grouting was 
in progress, grout was injected into a given grout hole only after grout had 
appeared at a more advanced hole. Thus grout was always being injected 
several feet below or to the rear of the advancing grout surface within the 
aggregate mass. At the end of each run, pumping was continued until it 
appeared that any water and diluted grout had been ejected from the backfill. 

After the prepacked concrete had hardened sufficiently, it was explored 
by core drilling through grout holes in the liner to rock or well into rock 
in water-bearing or fractured formations. High-pressure grouting was at- 
tempted in such holes wherever seepage water was encountered and in zones 
where the rock was shattered or of inferior quality. 


CONSTRUCTION SEQUENCE 


The sequence in placing penstock tunnel backfill is indicated by the numbers 
of Fig. 1. First came the elbows at the lower ends of the upper and lower 
raises. These elbows served as anchorages for the inclined sections above. 
That is, they were required to take whatever inclined thrust was developed 
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from the weight of the liner of the inclined section above until such time as 
the concrete encasement of this inclined section of liner had hardened. Also, 
each of these elbows was required to resist the thrust that might be trans- 
mitted to it by the coarse aggregate of the backfill prior to grouting. 

Next came the 400-ft inclined section above el 1685; then a 160-ft length 
of horizontal at el 210; followed by the 800-ft section above el 1685, which 
completed the upper raise of penstock. This was followed by a 210-ft hori- 
zontal section at el 1685; then the 2000-ft inclined section el 210 to el 1685. 
The remaining horizontal section, down to and including the main wye of 
the manifold, was completed in two stages. 


MATERIALS AND GROUT MIXES 


Prior to concreting, a rather extensive investigation was made to deter- 
mine (1) the properties of fresh grouts, such as water requirement for a given 
consistency, water retentivity, bleeding, and expansion; (2) the void content 
of coarse aggregate combinations; and (3) the compressive strength of pre- 
packed concretes. On the basis of this investigation and other considerations, 
a grout was employed composed of 7 parts of cement, 3 parts of Alfesil, and 
10.6 parts of sand on a weight basis. This mix also included an intrusion 
aid in the amount of 1 percent of the weight of cement plus Alfesil. 

It was found that, on the average, a minimum void content of 35 percent 
was obtained from a blend of Kemano coarse aggregates composed of 40 
percent °4- to 1)4-in. size and 60 percent 11- to 3-in. size. Since in the 
actual work there is bound to be some size segregation, there will always 
be some variation in the void content between one given gross volume of coarse 
aggregate and another. Since the grout must fill all of the void space within 
the aggregate mass, it follows that the cement content of prepacked concrete 
will vary from unit volume to unit volume as does the void spaces in the 
coarse aggregate mass. Also, grout will fill any large voids in the tunnel 
backfill not occupied by aggregate, such as may be expected in recesses in 
the rock along the crown in horizontal sections. Based upon the cubic yard- 
age of coarse aggregate delivered to the work, the average portland cement 
content of the concrete backfill was about 4 sacks per cu yd when the 7:3: 10.6 
grout mix was employed. 


Coarse aggregate 

The coarse aggregate was a granitic gravel from the Kemano River. It 
was processed in two sizes, 34 to 11% in. and 1% to 3 in., which were later 
recombined in approximate proportions of 40 percent of the smaller to 60 
percent of the larger size. 

Because clean coarse aggregate free from excessive amounts of undersized 
particles was required, stockpiled material was passed through a °4-in. trommel 
screen, 14 ft long, where it was washed with high-pressure water jets just 
before being transported to the work; all material passing the trommel screen 


was rejected. The trommel was used in preference to a flat vibratory screen 
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because of its superiority in producing a well-blended product. For this 
reason the trommel was used in blending the two sizes of coarse aggregate, 
and in all later work where no stockpiling was involved it was used to give 
this blend an additional washing as the two sizes in the proper proportions 
were delivered from the primary screening plant. 

Prior to backfilling the upper raise of the penstock tunnel, the screened 
aggregate was stockpiled in the valve chamber at the 2600-ft level. This 
storage supplemented aggregate transported by truck, aerial tram, and rail 
car from the surge hopper at the trommel directly to the chute where it 
entered the penstock tunnel. Stockpiles at the 1685-ft level were drawn 
upon as needed for backfilling the lower raise. 

Aggregate from these stockpiles was removed by slusher and belt conveyor 
which discharged over a 34-in. sloping screen equipped with water jets. In 
this way the material which had been in storage was given a final washing 
to remove objectionable fines and undersize material created in the various 
handling operations. 

To determine the effect of these many handlings, sieve analyses were made 
on samples of aggregate taken at the trommel discharge and from the dis- 
charge of cars which brought the material to the work at the 2600-ft level. 
As shown in Table 1, size segregation substantially increased but there was 
no measurable increase in the minus )%-in. material and in fines. Of 17 
samples taken after handling, five failed to meet grading requirements in 
the 34- to 3-in. range, but departures from these requirements were not 
significant. As regards samples taken at the trommel, material passing the 
'4-in. sieve was in no case in excess of 0.5 percent, and while that passing 
the %4-in. sieve ranged from 8 to 16 percent, all samples met specification 
requirements for this size. Because of breakage in handling, it Was considered 
desirable that the percentage passing the 34-in. sieve as it left the trommel 
should be close to the specification minimum (10 percent) and that the material 
passing the 14-in. sieve should be less than 0.5 percent. The analyses of 
samples taken from the trommel screen over a month while coarse aggregate 
was being hauled to temporary storage at the 1685- and 2600-ft levels show 
that while material passing the %4-in. sieve varied from 3 to 19 percent, 
its average was 10 percent, and that while material passing the 4-in. sieve 
varied from 0.1 to 0.5 percent, its average was only 0.2 percent. 


TABLE 1—EFFECT OF HANDLING ON COARSE AGGREGATE GRADATION 








Cumulative percent passing 


Sieve : - ————__——— — 

size, At trommel screen As delivered at el 2600 Specifications 
in. —— —-— | —— 

Max. Min. Avg. Max. | Min. | Avg. Max. Min. 
3 100 100 100 | 100 100 | 100 100 95 
2 80 73 77 94 61 80 85 65 
1% 65 51 57 84 | 27 57 | 70 40 
4% |) «16 8 9.5 19 1 8 30 10 
14 0.3 0.1 aa 0.4 0.1 0.2 | 5 0 
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TABLE 2—SIEVE ANALYSIS OF GROUT SAND 


Cumulative percent passing 


Sieve 
No. At plant In stockpile Specifications 
Max. Min. Avg. Max. Min. Avg. Max. Min 
8 100 99 100 100 100 L100 100 100 
14 99 94 97 99 97 98 100 95 
28 84 76 79 81 78 79 80 65 
48 48 30 41 45 38 $1 45 25 
4 100 10 3 7 11 5 8 20 10 
a 200 3 I i 3 2 5 0 
F. M. 1.92 1.64 1.76 1.80 1.67 1.74 2.00 1.60 
E Grout 


The sand for grout mixtures was obtained from shallow deposits in Kemano 

Valley. These deposits, though desirably fine, were naturally quite variable 

in grading and contained considerable organic material. However, by copious 

washing and skillful operation of the screw-type sand classifier, a sand was 

: processed which proved to be excellent for grouts and which for all practical 

purposes met the specifications, as is indicated by Table 2. Grouts containing 

this sand were of unusually low water requirement; that is, W/(C+A) = 

0.42 to 0.45 for a 7 :3:10.6 grout mix. In spite of the sand’s deficiency in material 

passing the No. 100 sieve, grouts exhibited satisfactory water retentivity and 

low bleeding, and strengths of prepacked concrete were higher than normal. 

Samples taken from the stockpile at the processing plant met the specifi- 

cation requirement with respect to uniformity, as measured by maximum 

permissible variation in fineness modulus (fineness modulus of any single 

sample could vary by no more than 0.1 from the average of all samples 
previously taken). 





Tests were made frequently during grouting to determine the moisture 
content of the sand as it was delivered to the batcher, and a flow-cone test 
was made to determine the consistency factor of the grout as it left the mixer 
or as it was injected into the voids of the aggregate of the backfill. 

The flow cone is to grouts what the slump cone is to conventional con- 
cretes. A cross section of the flow cone is shown in Fig. 2. With the finger 
over the end of the '%-in. diameter discharge tube, the cone is filled with 
1725 ml of grout—that is, until the surface of the grout touches the tip of 
the point gage. The finger is quickly removed, and the time in seconds 
required for the grout to discharge is observed. The moment when the size 
of the stream of grout leaving the discharge tube quickly diminishes is con- 
sidered the end of the discharge period. This time, which is taken as a measure 
of the consistency or viscosity of the grout, is usually termed the “‘flow factor.” 
The flow factor for prepacked grouts ordinarily varies between 15 and 20 sec. 

At Kemano the flow factor of grout as it was injected into the aggregate 
of the backfill averaged about 18 sec, corresponding to an average flow factor 
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Fig. 2—Flow cone 





of about 22 sec as the grout was discharged from the mixer. That is, for the 
particular combination of materials employed, due to the effect of pumping 
under high pressures for long distances, when there was frequently an interval 
of a half-hour between the time of initial mixing and the time of injection, 
the viscosity of the grout decreased, i.e., became more fluid. This should 
not be taken to mean that under similar conditions grouts containing other 
sands or other cements would exhibit a similar tendency toward decrease 
in viscosity. It is obvious that on any job the grout should not exhibit pro- 
nounced early stiffening, and it is here that an intrusion aid performs another 
useful function in its retarding effect upon stiffening as well as upon its re- 
tardation of setting and early strength. 


AGGREGATE PLACEMENT 
Horizontal sections 


For elbows and horizontal sections a “frock blower’ (Fig. 3) pneumatically 


transported the aggregate to the point of placement in the backfill. The 
aggregate, moving in small batches through air locks, was picked up by the 
stream of air from the blower and carried through a 10-in. pipe fastened to 
the top of the steel penstock liner. As aggregate backfilling progressed, 
short pieces of the conveyor pipe were cut from the discharge end. Aggre- 
gate of 3-in. maximum size was transported up to 600 ft. Although the 
equipment’s capacity under continuous operation was about 30 cu yd per hr, 








Fig. 3—Rock blower 
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because of delays in the aggregate supply, removal of lengths of pipe, and 
changing the position of the rubber baffles, the average rate of placement 
was only about 12 cu yd per hr. 

At first, there was excessive aggregate breakage and creation of fines. 
It was found, however, that when the discharge was directed between two 
pieces of heavy rubber belting attached to the discharge end of the conveyor 
pipe, excessive breakage was eliminated. The aggregate was air-jetted by 
hand beneath the liner so as to fill completely the space between it and the 
tunnel invert. 

To maintain the cylindrical shape of horizontal sections, they were braced 
internally with horizontal and vertical timber struts at about 10-ft centers 
prior to aggregate placement. These struts were kept in position until after 
the backfill had been grouted. To eliminate lateral or upward movement 
of the section as a whole during the placing of aggregate and grouting, the 
liner was anchored to the rock of the tunnel invert at about 6-ft intervals. 
This anchorage consisted of a U-shaped strap over the top of the liner, the 
legs of which were welded to dowels in drill holes in the rock invert. 


Inclined sections 

Placing aggregate behind the steel liner in the inclined sections so that 
after placement it would be clean and free from excess fines was a problem. 
In a minimum space of about 2 ft between liner and rock there was insufficient 
room for any sort of a cableway skip. Had the aggregate been permitted 
to fall down the 48-deg slope, or even through a pipe for any considerable 
distance, the breakage would have been great. The scheme was conceived 
of using a 10-in. spiral welded pipe as a conveyor, which was kept continuously 
full, like a tremie pipe, as aggregate was withdrawn from the bottom and the 
level of the aggregate backfill rose. Impact was eliminated, though there 
was still abrasion which created some stone dust. A section of this 10-in. 
pipe was attached to the top of each section of liner before it was lowered 
into position, and the pipe sections were welded together as the erection 
and welding of the liner progressed. 

The conveyor pipe was fed from a hopper at its upper end and the aggre- 
gate was discharged through a port cut in the pipe with a torch a short 
distance above the level of the aggregate in the backfill (Fig. 4). As the 
level of the aggregate backfill rose to shut off one port, a new port was cut. 
As the aggregate flowed into the space between liner and tunnel rock, it 
took a natural angle of repose which was nearly normal to the axis of the 
penstock. The pipe was left in place, it being presumed that the voids in 
the aggregate in the pipe would become filled with grout as in the remainder 
of the backfill. 

To fill the pipe initially without severe impact, slots were cut in its top 
at intervals, in which shutters could be inserted. The pipe above the top- 
most shutter was filled with aggregate. While feeding aggregate to the pipe, 
the uppermost shutter was removed, and the material was permitted to 
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Fig. 4—Placing aggregate in inclined section 


flow down the pipe to the next shutter; and so the process was repeated 
until the pipe was filled. 

By this tremie method the aggregate could be placed as fast as received 
at the hopper above, except for delays for removal of mine timber as the 
aggregate level rose. The discharged aggregate was worked into place around 
the liner by air-jetting, which apparently reduced size segregation. 


GROUT BATCHING AND MIXING PLANTS 


The grout batching and mixing plant at the 1685-ft level (for all work at 
that elevation and above) consisted of a portable bin batcher for the sand, 
two l4-cu yd grout mixers, and two agitators of corresponding capacity. 
Plant layout is shown in Fig. 5. The sand was weighed, but due to the re- 
moteness of the operation and difficulties of transportation, all cement and 
Alfesil were received in sacks. Since access to this level was by aerial tram- 
way only, short-time storage for materials at the mixing plant was necessary. 
This storage was sufficient for grouting 800 linear ft of penstock backfill. 

For all work below the 1685-ft level, the grout mixing plant was in the 
tailrace of the powerhouse where materials were hauled by truck. Here the 
plant included three '4-cu yd mixers which discharged into a single 3-cu yd 
agitator. 

The minimum mixing period was 1 min. As one mixer was discharged 
into an agitator, charging and mixing was proceeding in another. When in 
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Fig. 5—Grout mixing and pumping plant at el 1685 


continuous operation, this mixing plant had an hourly capacity of 400 cu ft 
of grout, corresponding to approximately 40 cu yd of prepacked concrete 
after the aggregate had been grouted. Similarly for the plant at the 210-ft 
level, the hourly capacity was 600 cu ft of grout, corresponding to approxi- 
mately 60 cu yd of prepacked concrete. 

From the agitator tank or tanks, the grout was pumped through two 2-in. 
diameter pipelines, the main pump at the mixing plant normally operating 
under a pressure of about 300 psi. For the plant at the 1685-ft level, which 
was outside the access adit, the pipelines from mixing plant into the adit were 
boxed in and steam-heated to prevent freezing. 

Temperature of the freshly mixed grout at the mixing plants varied from 
about 40 to 50 F during the backfilling operation, which was begun in 
September, 1953, and completed in April, 1954. Grouting materials were 
heated in winter. 


GROUTING 

Horizontal sections 

Grouting of horizontal sections involved two operations, one closely follow- 
ing the other. Grout inserts along the invert extended to rock and inserts 
along the crown performed a double function (Fig. 6). That is, grout might 
be injected immediately behind the liner or might be injected next to the 
rock in the crown of the tunnel. This latter insert also served as a drain for 
the removal of water or air which might otherwise become entrapped in 
cavities or recesses in the crown. 








298 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1955 







SECONDARY GROUTING 


CROWN HOLES —~ 
a de ai a 


PREPACKED CONCRETE = 













PRIMARY GROUTING 
OF AGGREGATE. 

DETAIL OF 

CROWN HOLES 


PRIMARY GROUTING 
OF AGGREGATE 


AGGREGATE 





Fig. 6—Scheme of grouting horizontal sections 


Primary grouting was started at the lowest point of one end of the section 
being grouted. As the sloping surface of the grout advanced, grout was 
injected first at holes along the invert, next at holes at the spring lines, and 
finally immediately behind the liner at holes along the crown. Inserts leading 
to the tunnel rock along the crown were left open temporarily for the bleeding 
of air and water which might collect along the crown as the grout slope 
advanced along the tunnel. 

Pressures at the inserts generally ranged from 5 to 15 psi during primary 
grouting of the coarse aggregate, with permissible maximums which varied 
with the thickness of the steel liner. Except immediately adjoining a grout 
hole, pressure within the aggregate mass during primary grouting could not, 
of course, be substantially greater than that produced by the head of grout 
covering the hole. When the end of a section was reached, slow grouting 
was continued until all water and diluted grout had been ejected from the 
topmost level and it was clear that the mass had been completely intruded 
with grout of good quality. 

At any given hole, secondary grouting was performed several hours after 
primary grouting, when the advancing slope of the primary grout was some 
distance in advance and when the primary grout at and near the hole being 
grouted had stiffened substantially. Secondary grouting was performed 
through the insert which led to the crown of the rock section at pressures 
of 30 psi or greater, depending upon the thickness of the liner; this forced 
any air or water that might have become entrapped in cavities along the 
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crown into the seams of surrounding rock and filled such cavities with grout 
E of good quality. By waiting until the primary grout had stiffened sub- 
: stantially and by injecting the secondary grout in the top of the backfill, the 
possibility of transmitting concentrations of excessive grout pressures directly 
to the liner, with the hazard of possible bulging or collapse of the liner, was 
eliminated. A small pump which could be moved readily by hand along the 
tunnel was employed for secondary grouting. The secondary grout pressure 
q at any given hole was maintained until there was evidence that no further 
; grout was being taken. 


Inclined sections 

Grouting of the backfill in the raise above the elbows at the 210- and 
1685-ft levels was performed from a jumbo made up of a train of three units 
(Fig. 7). As grouting progressed the jumbo was pulled up the raise by a 
60-ton single-drum hoist. Grout from the mixing plant was pumped through 
the main supply line and through one or more booster stations to the agitator 
on the middle jumbo unit. This agitator provided the feed for two grout 
pumps on the lower jumbo unit. Through a wye discharge, each of these 
pumps supplied grout to two hose lines the end of which were connected to 
grout holes in the liner. Thus it was possible to inject grout simultaneously 
at four holes. 

At the beginning of each run, grout was injected through a special insert 
which led to the lowest point in the backfill. Grouting through this insert 
was continued until grout appeared at other holes at the same level, when 
pumping in these holes was started. 
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Fig. 7—Grouting inclined section from jumbo 
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To produce a small circumferential compressive stress in the liner, the 
grout was intruded in the lowest ring of six holes until a vertical head of 
14 ft was built up for 20 ft along the incline before the insert hoses were 
moved forward 10 ft to the next set of holes. Thus, except at the beginning 
and end of each run, the static head of grout within the aggregate mass above 
any hole being pumped was never less than 7 ft and never more than 14 ft, 
roughly corresponding to static grout pressures at any hole being pumped 
of not less than about 6 psi and not more than about 12 psi. This of course 
does not mean that there were not higher pressures at levels below the hole 
being grouted where the grout was still in the liquid state. Of this more 
will be said later. 

The end of each run was not formed but was stopped at a grout hole through 
which any water and diluted grout was flushed, the pumping of grout at 
lower holes being continued until it appeared evident that the top of the ag- 
gregate mass contained only grout of good quality. 


CONSTRUCTION STAGES 


For most favorable stress conditions, it was desirable that each of the 
raises be grouted from bottom to top in a single continuous operation provided 
quality of the prepacked concrete backfill could be assured. Because of the 
lack of comparable job experience on which to rely, it was considered ad- 
visable to proceed with some degree of conservatism. Thus the first run of 
the inclined section above the elbow at the 1685-ft level was only 400 ft. 

After the penstock had been placed for this length, placing of aggregate 
began. From a surge bin at the 1685-ft level coarse aggregate was taken 
by skips down the tunnel to a second surge bin just above the top of the 
400-ft length of liner; this surge bin fed the 10-in. aggregate conveyor pipe 
previously described. This first 400 ft demonstrated that the method of 
placing the aggregate was practical and that the fines created by the abrasion 
of the aggregate as it passed down the 10-in. pipe were not excessive. The 
2500 cu yd of aggregate was placed at an average rate of 15 cu yd per hr. 

Then came the grouting of the 400-ft of backfill, at an average distance 
from the mixing plant of roughly 2000 ft. Grout was pumped 900 ft from 
the mixing plant to an agitator. Here it was picked up by a booster pump 
which carried it another 800 ft to a second agitator and second booster pump 
at the foot of the incline. The second booster forced the grout up the incline 
to the agitator on the grouting jumbo. The 2500 cu yd of aggregate in the 
first 400 ft of the upper incline was grouted at a rate of 22 cu yd or 3.2 linear 
ft of penstock per hr. 

The operation was so successful that it was decided to complete the remain- 
ing 800 ft of the upper raise as a single-stage operation. After the liner was 
placed, aggregate was tremied down the 10-in. conveyor pipe from a surge 
bin at the 2600-ft level; the aggregate skips were eliminated. It was still 
necessary for the workmen to crawl in and out of the 800-ft hole by ladder, 
as for the 400-ft run below. Fines created by abrasion of the aggregate as 
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it passed down the conveyor pipe over the 800 ft were considered to have 
reached the maximum permissible range. 

Continuous grouting of this upper 800 ft of backfill was performed expe- 
ditiously and without incident. An additional booster pump was installed 
600 ft up the incline from the bottom, so that for the upper 600 ft the main 
pump at the mixing plant was assisted by three boosters before the grout 
reached the jumbo. 

In light of this experience, it was decided to place the entire 2000 ft of 
backfill of the lower raise in a single operation, at the same time recognizing 
that this imposed serious problems in placing of aggregate and getting per- 
sonnel in and out of the hole. To provide transportation for men and to 
aid in the removal of debris such as timbering, an elongated two-man skip, 
riding on rails and powered by a hoist at the 1685-ft level, was provided. 
This was supplemented by an emergency ladder on the opposite side. 

For the removal of objectionably large quantities of fines developed when 
the aggregate was tremied for distances in excess of 800 ft, a washing screen 
was installed in the 10-in. aggregate pipeline first at 600 ft up the lower raise 
and later—when the aggregate backfill had reached this point—at 1200 ft 
up. Wash water and rejected undersize material passing through the screen 
were conveyed through the 2-in. grout holes to the inside of the steel liner 
and flowed down the liner to the lower horizontal section. 

After the steel liner of the lower raise was installed and the tunnel rock 
cleaned, the 12,300 cu yd of coarse aggregate for the backfill was placed 
in 27 days at an average rate of approximately 19 cu yd per hr. 

To reduce over-all construction time grouting of the lower raise was begun 
when 700 ft of aggregage had been placed. Thereafter the two operations 
were carried on simultaneously until aggregate placement was completed 
at the 1685-ft level. From the mixing plant the grout was pumped to a 
booster station at the lower elbow and thence up the raise to the jumbo. 
As the jumbo and grout level advanced, additional booster stations were cut 
in at 600 and 1200 ft up the raise. Grouting the 2000 linear ft of coarse 
aggregate backfill was completed in 21 days at an average rate of 25 cu yd 
or 4 linear ft of penstock per hr. At the end of the run grout was being pumped 
horizontally for nearly 2500 ft and vertically for nearly 1500 ft. 


CORE DRILLING AND PRESSURE GROUTING 
Many cores were drilled through the 2-in. grout holes, first to check the 


quality of the encasement, and second to provide a passage for grout to 
fill any voids encountered in the encasement, consolidate shattered rock, 


and seal off water-bearing seams. In all but a few cases the core recovery 
was near 100 percent—testimony to the excellence of the bond between grout 
and coarse aggregate and to the toughness and strength of the grouted mass. 
Voids of significant size were found in a few locations where there was known 
to have been considerable inflow of water from seams in the rock surrounding 


the tunnel. Here. as well as in areas where the rock was known to be shat- 
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tered, holes were drilled for 10 ft into the surrounding rock. The cores re- 
covered from such holes not infrequently contained seams of hardened grout 
which had been forced into the rock structure when the backfill was grouted. 
These drill holes in the rock were pressure-grouted through a packer placed 
in the hole a foot or more away from the steel liner so as to eliminate any 
danger of developing excessive pressure between the liner and prepacked 
concrete that might cause collapse of the liner. Neat grout of rather thin 
consistency was employed, and the holes were grouted to refusal under 
pressures up to 300 psi. 

In general the tunnel rock was of good quality, but one rather continuous 
length of incline, about 870 ft, was a shattered water-bearing rock. In this 
reach, 284 holes were drilled into the rock, but in only 46 of these holes was 
it possible to inject measurable quantities of grout. About 34 cu ft of neat 
grout was used in this section, or 0.04 cu ft of grout per linear ft of penstock. 
The distribution of grout in the 870-ft critical reach was rather uniform over 
the entire area. 

A few holes were drilled at random in the inclined section to check the 
quality of encasement in areas of known good rock. No measurable quantities 
of grout could be injected in any of these holes. 

The concrete encasement of the horizontal sections was thoroughly investi- 
gated, especially at crown holes and in a few areas of water-bearing seams 
and shattered rock. Good quality of encasement was found, and secondary 
grouting during the prepacked concrete encasement proved effective in reduc- 
ing voids in the crown. The results of pressure grouting were about the same 
as for comparable areas in the inclined shaft in that shattered rock or water- 
bearing seams took only a small quantity of grout. 

In all instances of prepacked concrete encasement, it was impossible to 
introduce grout between the liner and the encasement despite the use of a 
thin grout mix at pressures up to 200 psi. 

Use of conventional concrete for penstock encasement was confined to a 
few horizontal sections. It was found necessary to backfill the crown of these 
sections with sand grout before pressure grouting. In many instances, the 
large voids above the crown were continuous over consecutive grout holes. 
Additionally, longitudinal cavities were experienced along the invert; these 
were also continuous over several grout holes, and numerous voids were 
detected elsewhere throughout the encasement. The sanded grout introduced 
in the crown holes varied from 3.25 to 5.50 cu ft per linear ft of encased liner. 


INSTRUMENTATION AND TESTS 


At selected locations, circumferential and axial strains in the penstock 
liner were determined through the use of SR-4 electric strain gages cemented 
to the interior of the liner. From these strains there could be computed 
the circumferential and axial stresses in the liner developed (1) during place- 
ment of the coarse aggregate of the backfill, (2) during grouting, and (3) 
subsequent to completion of grouting as the cement hydrated and the temper- 
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ature of the backfill first rose and then declined to the temperature of the rock 
surrounding the tunnel. 

The temperature of the rock was observed at several localities by thermo- 
couples inserted in drill holes. Through the use of electrical resistance ther- 
mometers inserted in grout holes temperatures of the grouted backfill were 
observed until the mass had returned nearly to rock temperature. 

To determine the distribution of water load between penstock liner and 
rock, mechanical and SR-4 electrical gages for measuring circumferential 
strains were installed on the interior of the penstock liner at two locations 
at the 210-ft level and at two locations at the 1685-ft level. Readings were 
taken during filling and emptying the penstock, the results of which were 
made available by the Aluminum Company of Canada, Ltd., and Aluminium 
Laboratories, Ltd. 

Compressive strengths of 6 x 12-in. job cylinders of prepacked concrete 
were determined at 7, 28, and 90 days. These specimens were manufactured 
by filling steel molds with *4- to 114-in. aggregate. Grout taken either from 
the mixer or from one of the agitators along the main grout line was pumped 
into the aggregate through a hole in the bottom plate until grout free from air 
bubbles appeared at the opening in the upper plate. Plugs were then screwed 
into the end holes; after the grout had hardened sufficiently the specimens 
were removed from the molds and placed in moist storage. 

As a basis for estimating the minimum age at which prepacked concrete 
of the backfill could take its assumed share of the water load, tests were 
made on 10 x 20-in. concrete cylinders containing °4- to 3-in. coarse aggregate 
which were grouted and cured under low-temperature conditions roughly 
the same as those of the penstock tunnel backfill. Under these conditions, 
tests were made to determine the effect of age upon compressive strength, 
modulus of elasticity, and Poisson’s ratio. 

During erection and welding of the penstock liner, placing the coarse 
aggregate, and grouting, more or less continuous inspections were made with 
a diametrical gage to determine the effect of various operations on the shape 
of the cross section of the liner for the purpose of preventing the development 
of objectionably large distortions. 


TEST RESULTS 


Specifications required that the 90-day compressive strength of 6 x 12-in. 


job cylinders manufactured in the manner previously described and cured 
under job conditions be not less than 3000 psi. Table 3 gives results of tests 


made on such specimens at 7, 28, 90, and 180 days, for which the grout was 
composed of 7 parts of cement to 3 parts of Alfesil to 10.6 parts of sand, 
measured by weight. For the various grout samples the W/(C+4A) varied 
from about 0.42 to 0.45. When this grout mixture was used, the cement 
content of the backfill was approximately 4 sacks per cu yd. 

The relation between age and compressive strength and between age and 
secant modulus of elasticity at a stress of 1200 psi is given by the curves of 
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TABLE 3—COMPRESSIVE STRENGTH OF PREPACKED CONCRETE 


Compressive strength, psi 
6 x 12-in. cylinders 334-in. cores 
Avg. Max. Min. Avg. Max. 


2110 2500 1590 
3220 3580 2640 
4690 5340 3870 3800 
5240 : 5100 


Fig. 8. Curing temperatures were about 70 F for the first 3 days and then 
about 50 to 55 F until nearly the time of test. Under these conditions the 
compressive strength increased from about 2000 psi at 14 days to about 
3500 psi at 90 days, and the secant modulus of elasticity varied from about 
2.9 & 10° at 14 days to about 3.5 & 10° at 90 days. These values indicate 
that on the average the modulus of elasticity increased percentagewise with 
age much less rapidly than did compressive strength. Perhaps this may be 
accounted for by the point-to-point contact of the pieces of coarse aggregate. 
Considering the low curing temperatures, the modulus of elasticity of the 
prepacked concrete at early ages was considerably greater than one might 
expect of a comparable conventional concrete. Poisson’s ratio was not 
affected by age; its average value was 0.17. 

Perhaps one of the most significant findings of the tests on 10 x 20-in. 


cylinders was that diagrams of stress versus axial strain were substantially 


straight lines until ultimate compressive strength was nearly reached. This 
was true for even the earliest age of test, which was about 2 weeks. Under 
similar conditions of curing and age of test, the stress-strain diagrams of 
conventional concrete would have departed from the straight-line relationship 
at low stresses and would have been markedly curved. The results of these 
tests clearly indicate that prepacked concrete, perhaps because of the point- 
to-point contact of the coarse aggregate, behaves as an elastic material even 
at early ages and under low curing temperature, and does not plastically flow 
or creep to anything like the extent of conventional concrete under similar 
conditions. For this reason one would expect prepacked concrete to deform 
elastically under the action of radial compressive stress as its temperature 
rose during the early stage of hardening and subsequently to regain its original 
thickness in the backfill as the temperature declined to the steady state and 
radial compressive stress was relieved. Under these conditions one would 
expect the steel liner to make continuous contact with the backfill, so that if 
the temperature of the water in the penstock were the same as that of the 
surrounding rock, there would never be an opening between liner and con- 
crete backfill and the liner would always take the same percentage of water 
load regardless of the water pressure within the penstock. 

The temperature rise within the backfill caused by heat of hydration of 
the cement was naturally dependent upon the thickness of the backfill, which 
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Fig. 8—Effect of age on strength and modulus of elasticity of prepacked concrete 


varied from 2 to 5 ft with an average of about 3 ft. Fig. 9 shows a typical 
time-temperature curve for prepacked concrete near the liner, beginning at 
the start of grouting when the temperature of coarse aggregate was sub- 
stantially the same as that of the rock surrounding the tunnel, and ending 
after the temperature had declined to substantially a steady state. When 
backfilling operations were in progress, which was from September to April, 
the temperature within the penstock tunnel, and also the temperature of the 
grout immediately after mixing, was surprisingly uniform, varying only 3 
or 4 deg from 55 F. As will be seen from the curve; the temperature increased 
from 56 to 78 F in about 3 days, and declined to the temperature of the air 
inside the steel liner in 16 days. 

During grouting of the inclined section of penstock, the grout level advanced 
about 100 ft per day along the penstock, corresponding to a vertical head of 
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Fig. 9—Temperature rise of prepacked concrete backfill. Backfill thickness— 
steel liner to rock = 50 in. 
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about 70 ft of grout above a point in 24 hr. However, within 24 hr or less 
after being injected, the grout had stiffened to the point where it would no 
longer transmit pressure from the liquid grout above. The maximum cir- 
cumferential compressive strain occurring within the first 24 hr after grouting, 
as shown by the meters placed inside the penstock liner, indicated a grout 
pressure of 39 psi. This was equivalent to a head of about 40 ft, only a little 
over half the pressure that would be exerted by a 70-ft head of fresh liquid 
grout. 

After grouting had been completed and the temperature of the backfill 
had declined to a steady state, the liner was inspected by tapping with a 
hammer to determine whether or not it was in complete contact with the back- 
fill. If on striking the liner a drummy sound was given off, it was evidence 
that there was a void space covering a significant area between liner and 
backfill. Such void spaces might be caused by the liner pulling away from 
the backfill as cooling took place, by incomplete filling of the voids in the 
aggregate immediately adjacent to the liner at the time of grouting, or by 
the accumulation of a film of bleeding water beneath the liner prior to the 
setting of the grout. The hammer test revealed no area where there was 
lack of contact. 

For determining the circumferential strains in the steel penstock liner 
which accompanied the filling of the penstock, SR-4 gages were observed at 
two stations at the 210-ft level. As the pressure was built up to about 1000 
psi over about 11% hr, the relationship between pressure and change in cir- 
cumferential stress in the liner, as determined from the averages of strain- 
gage readings at each of the two stations, was for all practical purposes a 
straight line, as indicated 
by Fig. 10. At all hydro- 
static pressures up to about 
1000 psi, 24 percent of the 
water load was being car- 
ried by the steel and 76 
percent was being carried 
ye by the backfill. 

Wa An interesting compari- 
A son with conventional con- 
crete is afforded by the 

calculated stresses under 
increasing load derived 
Z ae 6 8 10 /2 from strain measurements 

PRESSURE, /00 PS/ taken at station C at the 

© AVERAGE FOR STATIONA 1685-ft level, where the 


& AVERA FOR STATA . ° 
yg on ae o backfill was conventional 


Fig. 10—Hoop tension produced by increased earn e containing 4.4 
water load in 1 15/16-in. steel liner encased in ‘Sacks of Type IT portland 
prepacked concrete cement and 2 sacks of 
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Alfesil per cu yd, followed later by pressure grouting along the crown. As 
will be seen from Fig. 11, the curve showing the relationship between stress 
in the liner and pressure within the penstock is concave downward, indicating 
that a larger portion of the load was being taken by the liner at low pressures 
than at the higher pressures. For example, at a pressure of 125 psi, 49 per- 
cent of the water load was carried by the liner and only 51 percent transmitted 
to the conventional concrete. As the pressure was increased and the slack 
between liner and backfill taken up, a larger and larger share of the load was 
transmitted to the backfill. At the maximum pressure of about 400 psi, 
31 percent of the water load was carried by the liner and 69 percent by the 
backfill. This is what one might expect if there were shallow voids at the 
surface of contact between liner and backfill such as are commonly found 
along the invert of inverted siphons when the interior forms are removed. 


CONCLUDING STATEMENT 


Under the conditions encountered at Kemano, where it was required that 
a large share of the water load be carried by the backfill between liner and 
tunnel rock and be transmitted by that backfill to the surrounding rock, it 
appears that a backfill of prepacked concrete possesses advantages over a 
backfill of conventional concrete as follows: 

1. After placing and grouting of coarse aggregate are completed there is assurance that 
regardless of irregularities in the rock walls of the tunnel the space between them and the 
liner is well filled and is free from voids of significant size, so that no further grouting is 
necessary except where the surrounding rock is water-bearing or badly fractured. 

2. Because of its substantial- 
ly lower cement content, its /0 
temperature rise is substantially 





less than that of conventional 





concrete. Also, perhaps because 
of the point contact of pieces 
of coarse aggregate, it appears 
to behave as an elastic mate- 





rial even at early ages. Thus, 
as the backfill heats and cools, 
there is much less likelihood 
of its losing contact with the 
steel liner, and hence it is prob- 
able that a substantially larger 
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share of the water pressure 2 i 
within the penstock will be 
transmitted to the prepacked 
concrete backfill and thence to O I 
the surrounding rock. O / Zz 3 a 5 
3. Long, steeply inclined sec- PRESSURE, /00 PS/ 
tions may be backfilled as a © AVERAGE FOR STATION C 
continuous operation, aggregate FL. /685 


placement and grouting being Fig. 11—Hoop tension produced by increased 
conducted simultaneously, thus water load in 15/16-in. steel liner encased in 
eliminating construction joints conventional concrete 
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and greatly speeding up construction. Over-all costs may be expected to be substantially 
lower than for conventional concrete because of lower equipment and placing costs, and 
grouting subsequent to backfill placement may be practically eliminated, except where ex- 
cessive ground water is encountered or where the rock surrounding the tunnel is badly fractured. 
4. For horizontal sections, while a backfill of conventional concrete can be placed more 
rapidly, prepacked concrete possesses the advantage that the space between liner and rock 
will be completely filled. With conventional concrete this condition is unlikely to exist, 
regardless of how much pressure grouting may be done subsequent to the hardening of the 
conventional concrete backfill. Thus, as indicated by the results of penstock pressure tests 
made at Kemano, it may be confidently expected that in general where penstocks transmit 
a substantial portion of the water load through the steel liner to the concrete backfill and 
thence to the rock surrounding the tunnel, the share which may safely be considered to be 
carried by the backfill will be substantially greater if the backfill is of prepacked concrete. 
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ing Period and Time of Finishing on the Scale 
Resistance of Concrete 


By PAUL KLIEGERT 


SYNOPSIS 


Laboratory tests reported were intended to reveal whether or not changes 
in bleeding, brought about by variations in atmospheric conditions or by vary- 
ing the time of mechanical manipulation, influenced the resistance of concrete 
to surface scaling. Specimens of both non-air-entrained and air-entrained 
concretes were subjected, during the bleeding period, to variations in wind 
velocity and temperature and given final finishes at different times during 
bleeding. After preliminary curing, the specimens were subjected to the 
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‘aling test. 
Test results indicate that the scale resistance of air-entrained concretes 
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as not influenced by surface exposure, temperature, or time of final finishing, 
despite changes in bleeding similar to those for non-air-entrained concretes. No 
scaling developed on any of the air-entrained concretes up to 250 cycles of test 

Both the rate and amount of bleeding and resistance to surface scaling 
of the non-air-entrained concretes increased with an increase in the velocity 
of air over the surface. There was no consistent change in rate and amount 
of bleeding or resistance to scaling with change of temperature (50 to 90 F 
There appeared to be a trend toward an increase in resistance with increase in 
temperature. 

Non-air-entrained concrete surfaces struck off immediately after casting, 
with no further manipulations during or after the bleeding period, showed 
greater resistance to surface scaling than those given a second and final finish 
Since immediate finishing is presently impractical from the standpoint of 
obtaining a pavement surface of proper riding quality, it appears desirabl 
to delay final finish as long as possible. 


INTRODUCTION 


Many factors affect resistance of concrete to surface scaling resulting 
from the use of salts or other chemicals for ice removal. Two of special 
interest have been the subject of much theorizing and discussion since the 
advent of concrete pavements. These are the bleeding of the concrete as 
affected by atmospheric conditions such as temperature and wind velocity 
during the bleeding period and the time of final surface finishing. High 
temperatures and wind velocities under certain conditions may cause plastic 
_*Received by the Institute Oct. 14, 1954. Title No. 52-21 is a part of copyrighted JouRNAL or THE AMERICAN 
CONCRETE InstituTE, V. 27, No. 3, Nov. 1955, Proceedings V. 52. Separate prints are available at 50 cents eact 
Discussion copies in triplicate) should reach the Institute not later than Mar. 1, 1956 Address 18263 W. McNichols 
Rd., Detroit 19, Mich 

tMember American Concrete Institute, Senior Research Engineer, Applied Research Section, Research Depart 


ment, Portland Cement Assn., Chicago, Ill 
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shrinkage cracking or difficult finishing conditions but while these are normally 
important factors, the conditions under which this study was conducted 
were such as to preclude their development. 

The process of bleeding is a familiar one and has been studied extensively 
by many investigators, particularly Powers! and Steinour.* Immediately 
after the placing of concrete, the solid particles settle toward the bottom at 
a constant rate dependent upon gravity, the viscous resistance of the water, 
and the dimensions of the water-filled spaces in the concrete. The rate 
remains constant for a time and then diminishes gradually as the process of 
setting proceeds or as bridging of the aggregate develops. 

The bleeding of a particular concrete can be considerably altered by surface 
manipulation during the bleeding period. This surface manipulation, together 
with the ever-present gravitational force, increases the rate of settlement of 
the particles in the surface region only during this period of manipulation. 
In addition, fines are worked to the surface. As a result the surface region 
becomes more consolidated than the region immediately underneath and, 
when the manipulation ceases, the surface region will therefore settle at a 
slower rate than that of the region immediately underneath. Should setting 
interrupt the bleeding process before the surface zone reaches the underlying 
material, a zone or plane of weakness may result. 

Screeding, floating, rolling, or any other mechanical surface manipulation 
may produce these effects and it is readily apparent that the effects produced 
will be dependent upon the time and duration of these manipulations during 
the bleeding period. In addition to these intentional manipulations, the rate 
of subsidence, or consolidation, of the particles in the surface region may be 
greatly altered by compactive forces resulting from the development of 
capillary tension in the water during the bleeding period. 

Powers,* drawing on the work of Carman,‘ has described the consolidation 
of the surface region by this mechanism. During bleeding, water collects 
at the top surface. Evaporation from the surface and absorption due to 
internal contraction accompanying the hydration process will reduce the 
amount of water at the surface. If the rate of bleeding becomes less than 
the rate of water loss from the surface, the free water surface becomes a series 
of curved surfaces in the capillaries and tension is developed in the water as 
a result. The reaction of this tension in the water is a downward force acting 
on the top layer of particles, augmenting the natural bleeding force. Powers 
calculated the magnitude of this force, using the relationships given by 
Carman, from the following relationship: 


NS rAS/e 
W Wie 
Where 
P = pressure difference across water surface, dynes per sq cm 
\ = surface tension of water = 73 dynes per cm 
S = total surface in the mix, sq em 
W = volume of water in the mix, cu em 


¢ = weight of cement in the mix, g 
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Calculations for concrete having a water-cement ratio of 0.5 (5.6 gal. per 


sack) gave values for P ranging from 500 to about 1400 psf for a range in 
specific surface of cement from 1200 to 2500 sq cm per g (Wagner). This 
calculated force is the maximum force developed and will be present only 
if the rate of water loss from the surface exceeds the rate of bleeding. Since 
this additional compactive force accelerates the rate of bleeding, variations in 
surface temperature and wind velocity play an important role for, in deter- 
mining the rate of water loss, they consequently affect the presence or ab- 
sence of this additional compactive force. 

A zone or plane of weakness may result from this phenomenon in a manner 
similar to that cited for troweling, screeding, and other finishing operations. 
If the rate of water loss from the surface drops below the rate of bleeding, 
the compactive force disappears and the consolidated surface region may then 
settle at a rate slower than that of the underlying material. When setting 
takes place, bleeding is terminated and a zone of weakness may be formed. 

It is apparent from this discussion that the period of bleeding and the 
conditions during this period significantly affect the internal structure of 
hardened concrete and thereby may be of importance to its performance. 
This present work was undertaken to provide some experimental data in this 
regard. 


SCOPE OF TESTS 


These laboratory tests were intended to reveal whether or not changes in 
bleeding, brought about by variations in atmospheric conditions or by vary- 
ing the time of mechanical manipulation, influenced the resistance of concrete 
to surface scaling. 

Laboratory specimens of both non-air-entrained and air-entrained concretes 
were subjected, during the bleeding period, to variations in wind velocity 
and temperature and given final finishes at different times during the bleeding 
period. After a preliminary curing period, the specimens were subjected to 
the sealing test. 

PRELIMINARY TESTS 
Capillary tension 

Some preliminary settlement tests of concrete were made using a typical 
air-entrained pavement mix and subjecting the test specimens to different 
atmospheric conditions. The data indicated definitely that bleeding, defined 
as the subsidence of the top surface of the solid particles, increased with 
increase in the velocity of air flowing over the surface. That this increase in 
subsidence with increase in the velocity of air was not the result of gross 
shrinkage occasioned by drying was verified by length change measurements 
along the drying surface during the period of exposure. The amount of 
shrinkage was small in relation to the increase in subsidence. 

Under the conditions of high temperature and high air velocity, field 
experience indicates that the development of plastic shrinkage cracks might 
have been expected as a result of the shrinkage noted. However, the small 
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specimen in combination with low adhesion between the concrete and the 
form was apparently sufficient to manifest shrinkage as a separation of the 
concrete from the form surface. Under similar exposure conditions, plastic 
shrinkage cracks might develop on larger concrete specimens, or on pavement 
slabs. 

The increase in subsidence indicated the development of capillary tension 
in the water resulting in an additional compactive force in the surface region 
as postulated by Powers. Attempts to measure the development of capil- 
lary tension by means of a water-filled manometer leading into the fresh 
concrete met with some success; however exact quantitative information 
could not be obtained, since the manometer readings reflected both the 
capillary tension and the water absorption tendency resulting from continuing 
hydration. The increase in subsidence rates were taken as a direct indication 
of the development of this additional compacting force. 

These tests were conducted at 73 F. One trial at 95 F air temperature 
indicated, for otherwise comparable conditions, a reduction in both rate and 
maximum subsidence with increase in temperature, pointing to the influence 
of temperature on the bleeding characteristics. 

Selection of specimen size 

Tests for resistance to surface scaling have usually been conducted using 
6 x 15-in. slabs, 3 in. deep. Whether the bleeding in a slab of these dimensions 
would be similar to that in a considerably larger pavement slab of greater 
thickness made with the same concrete was debatable. Two factors might 
operate to create differences, the difference in height and the effect of form 
surfaces on the relatively small volume of concrete in the test slab. 

Subsidence measurements of slabs of both 3-in. and 6-in. depth indicated 
that in general the maximum subsidence of the surface of the 6-in. deep slab 
was twice that of the surface of the 3 in. deep slab. These tests were made 
for two surface conditions: water covered and surface exposed to still air in 
the laboratory. The data indicated that bleeding characteristics of the 3 in. 
deep slab were essentially the same as those of the 6 in. deep slab. 


TABLE 1—CHEMICAL COMPOSITION 
OF TYPE | BLEND* 


Major components Minor components 
Percent 

SiO. 20.87 MnO; 0.25 
AleOs 5.69 | Free CaO 1.00 
Fe.Os 3.00 | Insoluble residue 0.28 
Total CaO 62.91 | Alkalies: 

MgO 2.91 NasO 0.22 
SO; 2.10 k.O 0.59 


Ignition loss 1.48 Total as Na,O 0.61 


*PCA Lot No. 18737. Blend of equal parts by weight 
of four Type I cements purchased locally. 
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Powers’ extensive bleeding studies have shown that the bleeding of con- 


crete near a form surface differs from that of concrete further removed from 
the form. The effect may be due to friction at the form surface or to a change 
in concentration of coarse aggregate close to the form, the exact distance 
being a function of the maximum size of coarse aggregate. Surface sub- 
sidence measurements using a 3 in. deep specimen indicated that concrete 
near the vertical form surface subsided only 35 to 50 percent as much as 
concrete at the center. Further tests indicated that this form effect could 
be moderated to some extent by downward flaring of the sides of the form 
or almost completely circumvented by using the central portion of a specimen 
sufficiently large that this central portion would be relatively unaffected. 

To determine the possible effect on the resistance to surface scaling, the 
following three types of specimens were prepared using both non-air-entrained 
and air-entrained concretes: 

1. Conventional specimen—6 x 15 in., 3 in. high 
2. Tapered specimen—3 in. high, 6 x 15 in. at the top, and 7 x 16 in. at the bottom 
3. Large area specimen—12 x 21 in., 3 in. high; central 6 x 15 in. section removed 
lor test. 
These specimens were subjected to the standard laboratory scaling test 
(description to follow). After 150 cycles of test, no differences in surface 
scale resistance were noted among the three different types of specimens. 

As a result of these preliminary tests, the conventional specimen was 
selected for these experiments. 

MAJOR TESTS 
Materials 

The cement used in these tests was a blend prepared from four Type | 
cements purchased in the Chicago area. Tables 1, 2, and 3 show chemical 
composition, calculated potential compound composition, and the results 
of various physical tests. 

The sand was a predominantly dolomitic natural sand from Elgin, IIL, 
and the coarse aggregate was a highly siliceous crushed gravel (1-in. maximum 
size) from Eau Claire, Wis. Grading, specific gravity, absorption, and thermal 
coefficient of linear expansion data are shown in Table 4. 

All aggregates were air dried and screened into various size fractions, six 
sizes for the sand and three sizes for the gravel. For each batch, the sizes 


TABLE 2—POTENTIAL COMPOUND 
COMPOSITION OF CEMENT 


(CORRECTED FOR FREE CaO) 
Compound Percent, by weight 
14.4 


26.0 
10.0 
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TABLE 3—MISCELLANEOUS PHYSICAL 
TESTS OF CEMENT* 


Specific surface, sq cm per g 





Wagner 1700 
Blaine 3310 F 
Passing No. 325 mesh, percent 89.0 ; 
Specific gravity, in water 3.208 4 
Normal consistency, percent 24.0 
Time of setting: Vicat 
Initial 3 hr 20 min 
Final 6 hr 


Gillmore 


Initial 4hr 5 min 
Final 6 hr 15 min 
Autoclave expansion, percent 0.220 


Air content, 1—4 standard mortar, 
percent 





- 
‘ 


6 


*Tests made in accordance with ASTM standards 
current in April, 1952, except that the specific gravity 
was determined in water rather than kerosene. 


were recombined to yield the gradings shown in Table 4. To provide a high 
degree of control over the total mixing water in a batch, aggregate was weighed 
in the air-dried condition (moisture content known) and, 18 to 20 hr prior 
to use, inundated with a known amount of water. Excess water was drawn 
off and weighed immediately prior to mixing the concrete. 

Neutralized Vinsol resin in solution was added at the mixer when preparing 
the air-entrained concrete. 

The de-icing agent used in the scaling tests was commercial grade flake 
calcium chloride. 


RDA? BIE PSR I canttbretey. |... emia 


Concrete mixes 

Table 5 shows the mix data for the non-air-entrained and air-entrained 
concretes used in these tests. These concretes were prepared at-three different 
temperatures: 50 F, 73 F, and 90 F (relative humidity ranged from 50 to 57 
percent). All materials were brought to these temperatures prior to mixing. 
The actual concrete temperatures at the start of the exposure tests are shown 


TABLE 4—CHARACTERISTICS OF AGGREGATES 
Fine aggregate—Elgin, Ill., sand 





Percent retained on sieve Bulk 24-hr Mean linear 
number indicated Fineness sp. gr., absorption, thermal coeff. 
— modulus 8.8.D.* percent of expansion t 

4/ 8] 16! 30 50 | 100 by weight 
0 | 18 | 33 | 57 | 87.) 95 2.90 2.645 2.25 5.73 X 104 





Coarse aggregate—Eau Claire, Wis., gravel 


Percent retained on Bulk 24-hr Mean linear 







sieve indicated sp. gr., absorption, thermal coeff. 
area a Ter - . S.8.D.* percent of expansion ft 
1-in. 34-in. 3¢-in. | No. 4 by weight 
0 | 25 | 


75 =| 100 2.693 1.33 5.94 X 10“ 


*Saturated, surface dry. 
tDilatometer method. 
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TABLE 5—CONCRETE MIX DATA 


Cement Percent Air 
Ref. content, Net W/C, sand, content, Concrete 
No. Mix sacks per gal. per abs. | Slump, percent temperature, 
cu yd sack vol. in. (pressure) deg F 


Air temperature 50 F 


q 12 | Non-A/E 6.08 1.87 1.2 | 24 1.90 53 

i 13 A/E 6.02 4.57 37.2 3.7 5.15 53 
Air temperature 73 F 

: 14. | Non-A/E 6.05 5.05 1.2 25 1.81 74 

’ 15 A/E 5.98 1.73 37.2 2.9 5.40 74 
Air temperature 90 F 

16 Non-A/E 6.03 5.19 41.2 2.8 1.79 91 

17 A/E 6.01 4.81 37.2 2.4 1.66 9] 


in Table 5. The net water-cement ratios ranged from 4.57 to 5.19 gal. per 
sack. The cement content was maintained at 6 sacks per cu yd and the 
consistency as measured by the slump test was 2 to3 in. For the air-entrained 
concrete, the air content was maintained at 5 + 14 percent. 

Minor changes in water content and amount of air-entraining agent were 
necessary at the different temperatures to maintain consistency and air content. 


Fabrication of specimens 

Concrete batches were mixed in a 1%4-cu ft Lancirick mixer (horizontal 
open tub) using an interrupted mixing schedule (a normal procedure in bleed- 
ing studies) to avoid possible effects of false set, if any, on the bleeding. The 
concrete was mixed for 244 min, allowed to rest in the mixer pan for 3 min., 
and then remixed for 1 min. Each batch contained sufficient concrete for two 
3 x 6 x 15-in. slabs, for a slump test, and for an air content determination 
by the pressure method. 

The slabs were cast in watertight steel molds filled in two layers of equal 
depth, each layer rodded 50 times with a 54-in. diameter bullet-nose tamper. 
Immediately after casting, the surface was struck off using a wood float. 


Exposure during bleeding period 

For each temperature, the two specimens from one of five duplicate batches 
were subjected to one of the following five exposure conditions immediately 
after initial strike off of surface: 

1. Water on top surface, approximately 14 in. deep—This was arranged by partially 
immersing the concrete filled mold in a pan of water and carefully filling to adjust 
the height of water above the surface of the concrete. 

2 to 5. Surface exposed to laboratory air at the casting temperature at velocities of 
0, 7, 15, and 20 mph—The air velocities were attained by means of a blower and a 

suitable duct with distributing vanes which gave an even velocity distribution over 









316 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1955 


the entire surface of both slabs. Constant check on velocity was maintained during 

the exposure period. 
Subsidence measurements 

Subsidence at the center of each slab was measured by using the mi- 
crometer microscope-float technique. The micrometer microscope enabled 
measurements to be made to the nearest micron (0.0000392 in.). The float 
consisted of a lucite disk about % in. in diameter, 4 in. thick, as the bottom 
portion, and at the center of the disk, in a vertical position, a fine glass fiber 
approximately 1 in. long was cemented to the disk. The tip of the glass 
fiber was dipped in black ink to produce a sharper image. 

As soon as the slabs were prepared, the floats were placed on the surface 
at the center, the initial readings taken as rapidly as possible (generally 
within 1 min after completion of casting) and the specimens then subjected 
to the proper exposure. During exposure, subsidence measurements were 
made every 5 min. 

Final finishing operations 

Three duplicate sets of two slabs were prepared for each temperature, 
type of concrete, and exposure condition. After the initial strike off of the 
surface with a wood float, the specimens were treated in the following manner: 

The first set was permitted to attain maximum subsidence; the exposure was then 


discontinued with no further surface manipulation. The second set was allowed to 
reach 50 percent of this predetermined maximum subsidence at which time the ex- 
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posure was discontinued and the surface given a second and final wood float finish. 

The third set was allowed to attain maximum subsidence at which time the exposvre 

was discontinued and the surface was given a second and final wood float finish. 
Curing and scale test procedure 

Immediately after the period of exposure, all specimens were covered with 
a double thickness of damp burlap (not in contact with the surface of the 
concrete) and a waterproof tarpaulin. This provided protection against 
evaporation but did not provide free surface moisture during the first 24 hr. 
The discontinuance of the exposure followed by the protection against evapo- 
ration provided by the burlap simulate the immediate application of mem- 
brane curing compound after final finishing, one relatively widely used method 
of pavement curing. 

The specimens remained in the molds until the next day, at which time 
they were removed and placed in a moist room at 73 F and 100 percent relative 
humidity. This procedure was followed for the three different temperatures 
at which concretes were mixed and exposed. The specimens remained in 
the moist room for 27 days plus an additional 3 days in the moist room 
maintaining a 14-in. layer of water on the top surface. 

When the specimens were 31 days old, scaling tests were started. The test 
consisted of freezing 250 ml of water on the surface of the slab in a room 
maintained at — 20 F. The slab remained at this temperature for approxi- 
mately 18 hr. Then the slab was moved to the thawing room (70 F) for 
approximately 6 hr. At the beginning of the thaw period, flake calcium 
chloride was applied directly to the ice, 2.4 lb per sq yd of surface area. After 
thawing, the solution was removed, the surface rinsed, 250 ml of water added 
to the surface and the cycle repeated. One freeze-thaw cycle was obtained 
every 24 hr, seven cycles per week. 

At intervals during the scaling test, the surfaces were examined visually 
and rated as to extent and depth of scale and assigned a numerical rating as 


follows: 


0—no scaling 3—moderate 
1—very slight 4—moderate to severe 
2—slight to moderate 5—severe 


These numerical ratings were then converted to average rates of scaling by 
dividing the numerical rating by the number of cycles at the time of rating. 
For instance, a rating of 3 at 100 cycles would mean a rate of scaling of 3/100 
= 0.03. 
DISCUSSION OF MAJOR TEST RESULTS 

Effect of surface exposure on bleeding 

Fig. 1 is a graphical presentation showing the subsidence with time for the 
non-air-entrained concrete at 73 F for the various surface exposure conditions. 
The data were similar for the air-entrained concrete and for the other two 
temperatures, 50 and 90 F. 

Both the rate of bleeding and the maximum (ultimate) subsidence were 
increased as the velocity of air over the surface increased. The rate of bleed- 
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TABLE 6—MAXIMUM SUBSIDENCE OF CONCRETES* 


Maximum subsidence, mm 
Surface 
exposure Non-air-entrained Air-entrained 
condition 
50 F 73 F 90 F Avg. 50 F 73 F 90 F Avg. 


l4-in. of water 0.555 0.482 0.454 0.497 0.475 0.533 0.488 0.499 


456 0.516 0.507 0.457 0.493 


0 mph air 0.502 | 0.413 | 0.454 0. 

7 mph air 0.698 0.511 0.698 0.636 0.559 0.639 0.782 0.660 
15 mph air 0.679 0.590 0.899 0.723 0.751 0.910 0.911 0.857 
20 mph air 0.840 1.010 | 0.825 | 0.892 | 0.777 | 0.965 | 0.895 | 0.879 


*Each result is the average of subsidence tests of four like specimens (those permitted to attain maximum 
settlement as defined in this paper). 
Range of relative humidities—50 to 57 percent. 


ing for the 0 mph air was greater than that for the condition of water on the 
surface; however, the maximum subsidence was somewhat less. The sub- 
’ when the increment in subsidence 
during an interval of 5 min decreased to less than 2 percent of the total sub- 
sidence at that time. 


sidence was called ‘““maximum subsidence’ 


Table 6 shows maximum subsidence for all of the concretes and exposure 
conditions. In all cases, maximum subsidences for the condition of 0 mph 
air were less than those for the condition of water on the surface. These 
differences were slight but consistent. With only minor exceptions, the 
maximum subsidence was greater the higher the air velocity. Surfaces of 
specimens exposed to 0 mph air velocity were generally covered with a film 
of water during most of the exposure period. At 7 mph arfd higher, the 
surfaces generally lost their sheen relatively early in the exposure period. 

It is of interest to note that the average maximum subsidences of the 
non-air-entrained and air-entrained concretes were quite similar. This may 
be due to the relative richness of the mixes and the use of a well graded sand 
containing a sufficient quantity of material passing the 50-mesh sieve so that 
the bleeding rate of the non-air-entrained concrete was quite low. 

The effect of temperature on maximum subsidence was somewhat incon- 
sistent; in some instances maximum subsidence for any particular surface 
condition increased with decrease in temperature, and in others the reverse 
was true. 

The data clearly indicate that both rate and amount of bleeding can be 
altered considerably, and that a change in air velocity is a more important 
factor than a change in temperature. The data imply the development of 
an additional force accelerating the bleeding, as described in the introduction 
to this report. 


Effect of surface exposure and time of final finish on scale resistance 
Table 7 shows the rates of scaling of all of the non-air-entrained and air- 
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TABLE 7—SCALE RESISTANCE OF CONCRETES* 


Rate of sealing at cycles indicated 


Time of Temp., 50 cyclest 100 cyclest 
final finish deg F. . 
| 0 | 7 15 } 20 0 7 15 20 
| Water mph | mph mph mph Water mph mph mph mph 
Non-air-entrained concrete 
Immediately 50 | 0.045 | 0.085 | 0.035 | 0.005 | 0.005 | 0.043 | 0.069 | 0.030 | 0.015 | 0.015 
after casting 73 | 0.075 | 0.060 | 0.060 | 0.035 | 0.005 | 0.055 | 0.051 | 0.067 | 0.028 | 0.010 


90 0.005 0.040 | 0.015 | 0.005 | 0.005 | 0.005 0.060 | 0.013 0.003 0.003 


Avg. 0.042 0.062 0.037 0.015 0.005 0.034 0.060 0.037 0.015 0.009 

At 50 percent 50 0.104 0.119 0.100 | 0.100 | 0.095 0.104 0.119 0.100 | 0.100 | 0.088 
of maximum 73 0.100 | 0.085 0.106 0.075 0.045 0.100 0.094 0.106 0.075 0.045 
subsidence 90 0.065 0.100 | 0.100 | 0.075 0.055 0.079 0.100 0.093 0.067 0.050 
Avg. 0.090 | 0.101 0.102 0.083 0.065 0.094 0.104 0.100 0.081 0.061 

At 100 percent 50 0.104 0.095 0.100 | 0.065 0.015 0.104 0.098 | 0.100 0.050 0.020 
of maximum 73 0.015 0.100 | 0.065 0.025 0.015 0.028 | 0.100 0.057 0.028 | 0.018 
subsidence 90 0.045 0.065 0.035 0.005 0.015 0.071 0.077 0.025 0.005 0.013 


Avg. 0.055 0.087 0.067 0.032 0.015 0.068 | 0.092 0.061 0.028 0.017 


Air-entrained concrete t 


Immediately 50 0 0 0 0 0 0.005 0 0 0 0 
after casting 73 0 0 0 0 0 0 0 0 0 0 
90 0 0 0 0 0 0 0 0 0 0 

Avg. 0 0 0 0 0 0.002 0 0 0 0 

At 50 percent 50 0 0 0 a 0 0.005 0 0 0 0 
of maximum 73 0 0 0 0 0 0 0 0 0 0 
subsidence 90 0 0 0 0 0 0 0 0 0 0 
Avg. 0 0 0 0 0 0.002 0 | 0 0 0 

At 100 percent 50 0 0 0 0 0 0 0 0 0 0 
of maximum 73 0 0 0 0 0 0 0 0 0 0 
subsidence 90 0 0 0 0 0 0 0 0 0 0 
Avg. 0 0 0 0 0 0 0 0 0 0 


*Results are the average of tests of two like specimens. 

Rate of scaling = numerical scale rating / number of cycles at which rating was assigned. 

+Or the number of cycles at which a rating of 5 was assigned, if less than that indicated. 

tin general, the air-entrained concretes showed the loss of a thin paste film immediately over some pieces of 
aggregate. This was not classed as scaling, since it occurred relatively early, constituted no impairment of the 
surface, and showed no signs of progressing. 


entrained concretes at both 50 and 100 cycles of the scaling test. A high 
rate of scaling means low resistance to scaling. 

This discussion is confined to the non-air-entrained concretes, since the 
air-entrained concretes show practically no scaling (all of the air-entrained 
concretes have undergone 250 cycles of test at the time of this writing). 

It should be kept in mind that the probability of developing plastic shrink- 
age cracks during pavement construction increases with an increase in the 
rate of surface drying. Conditions resulting in a high rate of surface drying 
are generally to be avoided during actual pavement construction. While, 
in these laboratory tests of small specimens, a particular combination of 
exposure conditions beneficially influenced the scale resistance of these speci- 
mens, nevertheless the possible disadvantage of the exposure under actual 
field conditions should not be disregarded. The conclusions relating to time 
of finishing are of primary importance. 
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Fig. 2—Effect of surface exposure condition and time of final finish on scale 
resistance of concretes—100 cycles of scale test 


Rate of scaling = Numerical scale rating/ Number of cycles. Results shown are the average of those 
for the concretes prepared at 50, 73, and 90 F 


In almost every instance, for any time of final finishing and temperature, 
the rate of scaling decreased with an increase in velocity of air over the sur- 
face during the exposure period. In all cases, the average rate of scaling 
for the water covered slabs was less than those exposed to the 0 mph air 
and about equal to those slabs exposed to 7 mph air. There appears to be 
a trend toward a decrease in rate of scaling with increase in temperature, 
although it is not well defined. 

The data in Fig. 2 represent the average of results for concretes prepared 
at the three different temperatures. This figure shows both the effect of 
surface exposure, already discussed, and of time of final finish on the rate 
of sealing during 100 cycles of test. For the non-air-entrained concretes, 
the surfaces finished immediately prior to exposure (no further finish) showed 
the lowest rates of scaling (highest resistance). Those surfaces finished when 
100 percent of maximum subsidence was attained showed the next higher 
rates of scaling, while the highest rates were in all instances those for the 





SCALE RESISTANCE OF CONCRETE 


Water on Surface O mph air Tmph 


Final Finish 
Immediately 
After 
Casting 





Ca 86|6Li se 
a 





Final Finish 

at 50% of 
Maximum [R 
Subsidence ff 





Final Finish § 
at 100% of 
Maximum 
Subsidence 





si Oo Da 


Water on Surface Omph air 7 mph 15 mph 20 mph 


Fig. 3—Effect of surface exposure and time of final finish on scale resistance 
—non-air-entrained concrete prepared at 73 F. Numbers at bottoms of slabs 
are cycles at which photograph was taken 
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Fig. 4—Effect of surface exposure and time of final finish on scale resistance— 
air-entrained concrete prepared at 73 F. Numbers at bottoms of slabs are 
cycles at which photograph was taken 
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surfaces given a final finish when 50 percent of the maximum subsidence 
had been attained. It is possible that by delaying the final finish beyond 
the time of maximum subsidence, the rates of scaling might have been de- 
creased further and therefore approach those for the concretes finished im- 
mediately after casting. These tests confirm the desirability, under all 
exposure conditions, of either finishing immediately after casting or delaying 
the final finishing operations until the end of the bleeding period,® providing 
such delay does not result in surface tearing during the final finishing 
operations. 

The dotted line in Fig. 2 shows the average maximum subsidences of the 
non-air-entrained concretes. It is of interest to note that this relationship is 
similar to the rate of scaling relationships. For the air-entrained concretes, 
no effects of surface exposure or time of final finish were apparent since no 
scaling other than the loss of a thin paste film over some pieces of aggregate 
had developed on any of these surfaces. It is probable, however, when and 
if scale develops on these air-entrained concretes, that these variables might 
exert some influence on the rate of scaling. 

Fig. 3 and 4 show representative photographs of the slab surfaces of speci- 
mens prepared at 73 F. The number at the bottom of each slab represents 
the number of cycles at which the photograph was taken. Numbers less 
than 100 indicate that the slab reached a numerical rating of 5 (severe scaling) 
and was withdrawn from test at that time. When evaluating the effect of 
surface exposure and time of final finish, both the appearance of the surface 
and the number of cycles of test must be considered. The same conclusions 
will be reached from the photographs as was reached from an evaluation of 
the rate of scaling data in Table 7. Notice the excellent condition of the 
surfaces of the air-entrained concretes in Fig. 4. 

Fig. 5 and 6 show the non-air-entrained and air-entrained concrete specimens 
prepared at 50, 73, and 90 F and subjected to an air velocity of 20 mph. 
Fig. 5 illustrates the relatively small effect of temperature and the marked 
effect of time of final finish on the scale resistance of these concretes. Fig. 6 
shows the excellent condition of the surfaces of the air-entrained concrete 
specimens. 


SUMMARY OF RESULTS AND CONCLUSIONS 


Based on these laboratory tests, the following statement appears valid for 
the air-entrained concretes: 
1. The scale resistance of the air-entrained concretes was not influenced by surface 
exposure, temperature, or time of final finishing, despite changes in bleeding similar 
to those for the non-air-entrained concretes. No scaling has developed on any of the 
air-entrained concretes during 250 cycles of test 


Based on these laboratory tests, the following statements appear valid for 
the non-air-entrained concretes: 


1. Both the rate and amount of bleeding increase with an increase in the velocity 
of air over the surface. 
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Fig. 5—Effect of temperature and time of final finish on scale resistance— 
non-air-entrained concrete. Surfaces exposed to 20 mph air velocity. Numbers 
at bottoms of slabs are cycles at which photograph was taken 
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Fig. 6—Effect of temperature and time of final finish on scale resistance— 
air-entrained concrete. Surfaces exposed to 20 mph air velocity. Numbers 
at bottoms of slabs are cycles at which photograph was taken 
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2. There was no consistent change in rate and amount of bleeding with change 
in temperature (50 to 90 F). 

3. The resistance to surface scaling increased with an increase in the velocity of air 
over the surface. 

4. Concrete surfaces covered with water during the bleeding period had scale 
resistances equal to those exposed to 7 mph air. 

5. The effect of temperature (50 to 90 F) on resistance to surface scaling was small. 
There appeared to be a trend toward an increase in resistance with increase in 
temperature. 

6. Those concrete surfaces struck off immediately after casting, with no further 
finishing manipulations during or after the bleeding period, showed greater resistance 
to surface scaling than those given a second and final finish. 

7. Since immediate finishing is, at present, normally impractical from the standpoint 
of obtaining a concrete surface of proper riding qualities, it appears desirable to delay 
the final finish as long as possible. 
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Title No. 52-22 


Design of Prestressed Concrete Multi-Beam Bridges 
with Diaphragms and Stiffened Exterior Beams 


By ANDREW GALLIAT 


SYNOPSIS 


The method of design given shows that economy can be achieved in pre- 
stressed concrete bridges with two stiffened exterior beams and several 
interior beams supporting a floor slab and interconnected by transverse 
diaphragms. The exterior beams are stiffened by using the sidewalks as 
structural members and can easily be constructed as composite beams with 
a cast-in-place topping. 


INTRODUCTION 


A grid supported on four edges can be regarded as the basic structure 
for two types of simple span bridges: (a) a slab bridge with stiffened edges, 
and (b) a multi-beam bridge with diaphragms and stiffened exterior oor 
The grid is made up of a great number of parallel beams spaced at equal 
distances in transverse and longitudinal directions and connected at their 
points of intersection (Fig. la). 

As the distances a; and b, between the beams approach zero, 7.e., the number 
of the two systems of beams approach infinity, it becomes a rectangular slab 
simply supported on four edges, or x = 0 and x = a with rigid curbs on edges 

b/2 (Fig. 1b). 

Slab bridges with stiffened edges were dealt with in a recent paper.* The 
paper presented a method of applying Jensen’s curves for bending moments to 
composite prestressed concrete slab bridges. 

As the distances a; and 6, increase, we obtain the multi-beam bridge with 
diaphragms and stiffened exterior beams (Fig. 1c) which is dealt with in this 
paper. 

This type of highway bridge consists of several precast, prestressed concrete 
beams supporting a floor slab and interconnected by transverse diaphragms. 
The exterior beams are composite beams and reach up to the top of the side- 
walks which participate in the structural action while the interior beams 
finish flush with the roadway deck slab (Fig. 2). 

*Received by the Institute Oct. J, 1954. Title No. 52-22 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrere Institute, V. No Nov. 1955, Proceedings V. 52. Separate prints are available at 50 cents each. 
Discussion (copies in wiplicote} should reach the Institute not later than Mar. 1, 1956. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

+Member American Concrete Institute, Civil Engineer, Department of Public Works, Tasmania, Australia. 

*Gallia, Andrew, “Prestressed Concrete Slab Bridges with Stiffened Edges,"’ Concrete and Constructional Engi 


neering (London), V. 50, No. 3, Mar. 1955, pp. 117-127. 
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Q 
a2 = — 


Fig. 1—Grid is basic structure for two types of simple span bridges 
(a) Grid is made up of parallel beams equidistant in both directions. (b) As spacing approaches zero 
rectangular slab supported on four edges is obtained. (c) As spacing is increased multi-beam bridge 
with diaphragms and stiffened edge beams is obtained 


Problems involved are (1) transverse distribution of loads, (2) design of 
prestressed concrete members, and (3) determination of optimum transverse 
stiffness. Table 1 compares beam and slab bridges and shows support conditions. 


NOTATION 
span of main beams distance from center of gravity of con- 
distance from center to center of stiff- crete to bottom fiber 
ened edge beams distance from center of gravity of con- 
spacing of beams crete to top fiber 
number of beams moment of inertia of diaphragm 
spacing of diaphragms 


depth of section 


moment of inertia of interior beam 
moment of inertia of exterior beam 


= effective width of deck slab or effee- 


tive width of T-beam 
area of concrete section (steel area not 
deducted ) 


-. . 
area_of prestressing steel 


moment of inertia of deck slab 
stiffness factor of the exterior beam 
and the interior beam 

stiffness factor of the diaphragm and 
the interior beam 


Fig. 2—Multi-beam bridge with diaphragms and stiffened exterior beams 








MULTI-BEAM BRIDGES 


TABLE 1—SUPPORT CONDITIONS FOR BEAM AND SLAB BRIDGES 


Stiffness factors 
Support condition Exterior beam pe Curb Diaphragm 
) 


Interior beam Slab Interior beam 


H \ 


Four supports 


I'wo supports 
stiffened edges 


I'wo supports—no 


stiffening edges 


stiffness factor of the deck slab and 


the interior beam y = concentrated dead lead 
X’ + X” 


wheel load applied to the slab 


section modulus with respect to load per unit of length uniformly dis- 
a chlciien Maen tributed along a beam 


section modulus with respect to top coefficient to be used in 


computing 
fiber 


stiffness factor X’ 
diameter of loaded circular area distance of a wheel load from a dia- 
representing a wheel load phragm 
bending moment p ; 

distribution coefficient or moment co- . stress in bottom fibers 


efficient stress in top fibers 


TRANSVERSE DISTRIBUTION OF LOADS 


In a system of simple beams without transverse interconnection when loaded, 
the higher and stiffer exterior beams would deflect to a lesser degree than the 
lower more flexible, and generally heavier, loaded interior beams. 

The effect of interconnecting diaphragms and deck slab will be that some 
of the load acting on the bridge will be removed from the interior beams and 
there will be an increase in the load carried by the heavier built exterior beams. 

The principle variables influencing the load distribution are: 


1. Relative stiffness of the diaphragm compared to that of the interior beams 


nd pa 
I \2b, 


where i = 1.0 for 1 or 2 diaphragms, 1.6 for 3 or 4 diaphragms, and 2.0 for 5 or 6 dia- 
phragms. 

2. Relative stiffness of the deck slab compared to that of the interior beams as 
def ned by 


. P a 
‘ : o ( ) 
I \2b, 


I, (b, h®)/12 


where 


b. = effective width of deck slab, taken as 0.5 a (reference 3, p. 54 
3. Relative stiffness of the exterior beams compared to that of the interior beams 


H’ = TI,/I 
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4. Number of longitudinal beams 

5. Number of diaphragms 

Typical reaction influence line diagrams for a six-beam bridge, for X = 100, in 
Fig. 3 and 4 show the manner in which load distribution varies with these factors. * 


BENDING MOMENTS IN BRIDGE MEMBERS 

Moments in exterior and interior beams due to wheel loads 

The live load moments can be computed in two parts: (1) live load moment 
on a freely supported beam without diaphragms, Mo, and (2) live load moment 
on a continuous beam supported on rigid diaphragms M ,’ 

M = M,C + M,' C’ 

where C and C’ are distribution factors. 

Values of C for a six-beam bridge are computed from Leonhardt’s tables of 
his simplified method by which all the diaphragms are replaced by one central 
diaphragm of equivalent stiffness. 


Values of C’ can be com- 
puted from C’ = 1 — @C, 
for the loaded beam, and 


C’ = — C, for the unloaded 

beam. The influence lines 

/ / 
/ 














for M.’ may then be plotted 
easily. 


ar 





It should be noted that 
with three or four dia- 
phragms in the _ bridge, 
M,' C’ becomes so small 


‘, 





x7 
y 
"4 





that it can be-neglected in 
practical design. 





Live load varies consid- 
erably with stiffness factors 
X and H’. Values consid- 
ered for X were 20, 40, and 
100 and for H’ were 1, 2, 
and 10, which correspond to 
values for which practical 
design in prestressed con- 
crete can be accomplished. 
Fig. 3 and 4 are typical ex- 
amples.* 








load distributed to 
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Fraction 

















q J For the determination of 
6 é 4 , 

i ; n maximum moments in the 
— “ 4. ——— exterior beams the nearest 
Fig. 3—Distribution of load P = 1 for X = 100 Wheel is placed 2 ft from 


on the exterior beams of a six- beam bridge the edge of the curb. There 

















*A complete set of reaction influence line diagrams for X = 20, 40, 100, and ~ for the various beams of a six- 
beam bridge are available from ACI headquarters at cost of reproduction. 
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are 6 ft between wheels of the truck and 4 ft between wheels of adjacent 
trucks. Maximum moments in the interior beams occur when the wheels are 
placed symmetrically over the bridge centerline. 


Moments in diaphragm due to wheel loads 


The wheel loads considered are those for standard H-truck loading in 
AASHO Standard Specification for Highway Bridges. 

One or two lanes of loading are considered, depending on which gives maxi- 
mum moments. Each diaphragm has what is termed a “range of influence”’ 
in the longitudinal direction, assumed to be 1.2 times the diaphragm spacing.* 
Only those axles which fall inside the “range of influence’ have to be considered. 


Maximum positive moments in the diaphragm are generally obtained with 
rear wheels of one or two trucks over the interior beams and maximum negative 
moments with rear wheels of a single truck on an exterior beam. Appropriate 
influence lines for X = 100 are given in Fig. 5 and 6.+ 


Transverse positive moments at center of panel of deck slab due to wheel loads 
The formula suggested by Newmark is 
0.9 Pa 
M, = me a 
3 + 10 c/b; 


where P is maximum wheel load, including impact, c is the diameter of the 


loaded area over which P is distributed, b; is the center-to-center spacing of 
beams, and a is the span of the beams. 





Fig. 4—Distribution of 

load P = 1 for X = 100 

on the two innermost in- 

terior beams of a six- 
beam bridge 


Fraction of load distributed to C and D 


*See reference 1, p. 140. , ; ; os 
TA complete set of influence line diagrams for X = 20, 40, 100, and _ © for moments at midpoint and point C in 
diaphragm (see Fig. 5 and 6) of a six-beam bridge are available from ACI headquarters at cost of reproduction 
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Fig. 5—Influence lines for 
moments at midpoint (for 
X = 100) of a diaphragm 
of a six-beam bridge 
Note: M ts = Ordinate X P X b, 
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Transverse negative moments over a beam due to wheel loads 


According to Newmark these moments are generally about 75 percent of 


a 











the positive moments at center of panels except when the beams are very 
stiff. This value, although much lower than that provided by AASHO specifi- 
cations, has been indicated by tests. 


Longitudinal positive moments at center of panel of deck slab due to wheel loads 
The formula suggested by Newmark is 
M, = M, — 0.08 P 


Longitudinal negative moments in deck slab over a diaphragm due to wheel loads 

Numerical values of bending moment coefficients shown below were com- 
puted by Jensen. The coefficients are for moment M, in the deck slab at the 
centerline of the panel over a diaphragm due to a concentrated load, M, = 


—CP. 
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Fig. 6—Influence lines for 
moments at point “C” (for 
X = 100) of a diaphragm of 
a six-beam bridge 
Note: Moments = Ordinate x P x b, 


; 
: 


trot Juersce 








Ratio v/b 
0.05 0.10 0.15 0.20 0.30 0.40 0.50 0.60 1.0 


0.158 | 0.157 | 0.153 | 0.149 | 0.138 | 0.124 | 0.109 | 0.093 | 0.043 


DETERMINATION OF OPTIMUM TRANSVERSE STIFFNESS 


The optimum transverse stiffness is that which gives the most. efficient 
distribution for any position of the wheel loads. For checking optimum trans- 
verse stiffness Guyon’s method can be applied in the following manner. 

Step 1—Determine with preliminary layout of beams, diaphragms, and slab thickness, 


X and H’, the load distribution coefficients due to standard H-truck wheel loads using the 
appropriate influence lines (Fig. 3 and 4).* The group of wheel loads is assumed to be in 


*See footnote on p. 330. 
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either of two positions: (a) concentric loading—wheels are situated symmetrically over the 
central axis of the diaphragm; (b) eccentric loading—centerline of the outside wheel is 2 ft 
from the face of the curb and the successive wheel distances are 6 ft, 4 ft, and 6 ft. 

Step 2—Plot values of = PC/4 for concentric and eccentric loading (Tables 2 and 3 are typical 
examples). Optimum transverse stiffness corresponds to a condition in which the maximum 
> PC/4 for eccentric loading is equal to the maximum 2 PC/4 for concentric loading which 
is found by trial and error. By plotting 2 PC/4 for H’ = 2 the values for beams A and F 
have to be multiplied by 0.5 because of the greater stiffness of these exterior beams. 

Fig. 7 gives the “elastic lines” of the H20-S16-44 loading for X = 100 when 
all beams are identical (H’ = 1) and with stiffened exterior beams (H’ = 2). 
For comparison the rigid diaphragms are also indicated. 

Stiffness of the diaphragms should vary according to the intended effect. 
Sometimes either too stiff or too flexible diaphragms are used. Stiffness de- 
pends not only on moment of inertia but more on the ratio of beam spacing 
to beam span. Also, relative stiffness of exterior beams compared to that of 
interior beams, and the number of diaphragms and beams have to be taken 
into consideration. If the stiffened exterior beams carry too much of the dis- 
tributed load, more flexible diaphragms have to be used. If stresses in the 
diaphragms are too high it is possible to preserve the same moment of inertia 
for the diaphragm by increasing the moment of resistance of the section only. 
On the other hand, if a diaphragm is not fully utilized its dimensions can be 
altered by increasing its height and decreasing its width. 

The most suitable number of diaphragms is one to five; for a greater number 
the stresses in the beams remain practically the same. The effectiveness is 
greatest in the center of the bridge span and therefore with equal beam spacing 
it is preferable to use an odd number of diaphragms. 

Diaphragms are most effective as load distributors but the contribution 
of the deck slab in distributing loads to the beams should not be disregarded. 

If the diaphragms are too stiff they can be made more flexible by separating 
the diaphragm web from the deck slab by a paper joint and computing the 
transverse stiffening effect of each member separately. The effective width of 
the deck slab can be taken as half the bridge span. *:?- *4 


TABLE 2—UNIT LOAD DISTRIBUTION COEFFICIENTS DUE TO STANDARD 
H-TRUCK WHEEL LOADS FOR X = 100, H’ = 1, AND n = 6 


Loading 
Beam 


P; 
Concentric loading 


A 
B 
C 


Eccentric loading 
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TABLE 3—UNIT LOAD DISTRIBUTION COEFFICIENTS DUE TO STANDARD 
H-TRUCK WHEEL LOADS FOR X = 100, H’ = 2, AND n = 6 


Loading 


Beam 


P3 
Concentric loading 


0.130 0.020 0.840 
0.115 0.045 0.540 
0.162 0.112 0.620 


0.320 0.030 
0.180 0.074 
0.175 0.128 
0.143 6 0.170 
0.096 0.196 
0.085 0.402 





SAF / COV 


LLASTIC QLAPHRAGHNI 
(2) Cenrric loot ti7g O20 


(bh) fecenrrice flooding 





R1G1(O DOVAPHRAGNM 4 wd = S canal ~s é 
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Fig. 7—Elastic line of diaphragm for X = 100 
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EXAMPLE 
Data 


Span of bridge, a = 60 ft Live loads: 
* Number of main beams, n j Truck loadings H20-S16-44 for 
Spacing of main beams, }, 


beams 
and diaphragms 
Number of diaphragms = ‘ H15-44 for deck slabs 
Spacing of diaphragms, a, = 15f Sidewalk loading = 85 psf 


Stages of construction 

In design, the following stages of construction are to be considered and stresses checked: 

1. Prestressing of the beams—Only dead weight of the beams is effective. 

2. Transporting and assembling beams at bridge site—Here handling stresses are important. 
After erection of precast girders and before diaphragms and deck slab are cast, construction 
loads, including moving equipment, will be carried by the beams. (Beams have to be tempo- 
rarily braced to prevent overturning. ) 

3. Casting of diaphragms and deck slab and prestressing them transversally—Beams 
carry their own weight, weight of the diaphragms, weight of the deck slab, and construction 
loads (first composite action). 


4. Precast, prestressed beams and the cast-in-place diaphragms and deck slab are already 
working together. Beam toppings on exterior beams are then cast. 

5. Superimposed dead weights (wearing surface and guardrail) and live loads (truck load- 
ing and sidewalk loading) are carried by the composite structure (second composite action). 


Loads 

Interior beams lb per lin ft Exterior beams lb per lin ft 
Beam 378 

Deck slab 245 Deck slab 122 

Wearing surface 95 


Beam 378 


Beam topping 450 

lb Guardrail : 30 
One stiffener 153 Sidewalk LL 155 
Diaphragm 775 lb 
One stiffener 153 
Diaphragm 388 


Properties of members are shown in Tables 4 and 5. 


Trial load distribution 
Diaphragm as a T-beam—a = 60 ft, b: = 5.42 ft, i = 1.60 
H’ I./I = 11.25/5.50 = 2.06. . .say 2.0 
X = (Ju/1) (a/2b;)* = (2.02/5.50) (60/10.84)* (1.60) = 100 
Separating the diaphragm web from the deck slab— 
X’ = (La we/T) (a/2b;)3 i = (0.53 5.50) (60/10.84)° (1.60) = 26 
X” = (1,/I) (a/2b,)* = (0.18/5.50) (60/10.84)? = 6 
X = X’+ X” = 32 


The value X = 100 is assumed to provide optimum transverse stiffness and tried in the 
numerical example. 


Maximum bending moments and stresses in beams 
Moments in interior beams (central) 
Beam: M = qa’/8 = 0.378 X 60°/8 = 170 ft-kips 
Stiffener: M = Wa/2 = 0.153 X 60/2 = 4.6 ft-kips 
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TABLE 4—PROPERTIES OF BEAMS 


Interior beam Exterior beam 


Property 
Before After Before After Remarks 


composite composite composite composite 





Te 43 4 ‘ 43 43 First composite action 
* ’ 43 < 43 55 Second composite action 
30 551.30 363 .30 457 .30 First composite action 
Ac, sq in 709.30 Second composite action 
— 23 .30 29.10 19.70 24.00 First composite action 
, 34.00 Second composite action 
Pa 19.70 3.90 23 .30 19.00 First composite action 
ai acum 21.00 Second composite action 
77,832 114,673 77,832 110,347 First composite action 
233,832 Second composite action 
3,340 3,930 3,950 4.600 First composite action 
6,850 Second composite action 
3,950 8,230 3,340 5,800 First composite action 
11,100 Second composition action 


Note: The difference in concrete qualities of the beams and the deck slab and beam toppings is accounted for 
by multiplying the width of the cast-in-place members by 0.8, since the cast-in-place concrete, Hs/E 10, is as 
sumed to have an f.’ of 4000 psi and the precast concrete, E,/E.=8, an f.’ of 5000 psi 


TABLE 5—PROPERTIES OF TRANSVERSE STIFFENING SECTIONS 


Diaphragms 
Property Deck slab 
Web alone T-Beam 


U 


6 
28 
168 
14 








14 
10,975 
785 
785 5,230 


Diaphragm: M = Wa/2 = 0.775 X 60/2' = 23 ft-kips 
Deck slab: M = qa?/8 = 0.245 X 60?/8 = 110 ft-kips 
Exterior beam topping (from Fig. 4 for X = 100 and H’ = 1): 
M = Cqa?/8 = (0.210 + 0.065) 0.450 x 60?/8 = 55.7 ft-kips 
Wearing surface (from Fig. 4 for X = 100 and H’ = 2): 
M = Cqa*/8 = 0.61 X 0.095 X 60?/8 = 26.1 ft-kips 
Guardrail (from Fig. 4 for X = 100 and H’ = 2): 
M = Cqa?/8 = (0.238 — 0.010) 0.03 x 60?/8 = 3.18 ft-kips 
Sidewalk LL (from Fig. 4 for X = 100 and H’ = 2): 
M = Cqa*/8 = (0.138 + 0.057) 0.155 X 60?/8 = 13.6 ft-kips 
H20-S16 truck loading and 27 percent impact (from Fig. 4 for X¥ = 100 and H’ = 2): 
M = 1.27 CM = 1.27 (0.170 + 0.180 + 0.160 + 0.115) K 403 = 321 ft-kips 
Stresses in interior beams (central 
Beam and fy = (170 + 4.60) 12/3.39 = 626 psi 
stiffeners fi: = (170 + 4.60) 12/3.95 = 530 psi 
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Diaphragm fo = (23 + 110) 12/3.34 = 478 psi 
and deck slab | f; = (23 + 110) 12/3.95 = 405 psi 
Exterior beam topping | fe = 55.7 X 12/3.93 = 170 psi 
after first composite action | f,; = 55.7 XK 12/8.23 81 psi 


Wearing surface, guardrail, fh = (26.10 + 3.18 carers + 821) 12 = 1110 psi 
sidewalk LL, and truck 3.93 
loading after second _ (26.10 + 3.18 + 13.60 + 321) 12 


= 530 psi 
8.23 


composite action 
Moments in exterior beams— 
Beam: M = qa?/8 = 0.378X 60°/8 = 170 ft-kips 
Stiffener: M = Wa/2 = 0.153 X 60/2 = 4.6 ft-kips 
Diaphragm: M = Wa/2 = 0.387 X 60/2 = 11.5 ft-kips 
Deck slab: M = qa*/8 = 0.137 X 60?/8 = 61.5 ft-kips 
Beam topping (from Fig. 3 for X = 100 and H’ = 1): 
M = Cqa*/8 = (0.560 — 0.160) 0.450 X 60?/8 = 81 ft-kips 
Wearing surface (from Fig. 3 for X = 100 and H’ = 2): 
M = Cqa*/8 = 0.85 X 0.095 X 60?/8 = 36.5 ft-kips 
Guardrail (from Fig. 3 for X = 100 and H’ = 2): 
M = Cqa*/8 = (0.71 — 0.13) 0.03 X 60?/8 = 7.85 ft-kips 
Sidewalk LL (from Fig. 3 for X = 100 and H’ = 2): 
M = Cqa?/8 = 0.71 X 0.155 X 60?/8 = 49.5 ft-kips 
H20-S16 truck loading and 27 percent impact (from Fig. 3 for X = 100 and H’ = 2): 
M = 1.27CM = 1.27 (0.56 + 0.32 + 0.19 + 0.03) X 403 = 565 ft-kips 
Stresses in exterior beams— 
Beam and \ fe = (170 + 4.60) 12/3.95 = 530 psi 
stiffeners fi: = (170 + 4.60) 12/3.34 = 626 psi 
Diaphragm fo = (11.50 + 61.5) 12/3.95 = 222 psi 
and deck slab | f; = (11.50 + 61.5) 12/3.34 = 262 psi 
Exterior beam topping \ fo = 81 X 12/4.60 = 211 psi 
after first composite action { fe = 81 X 12/5.80 = 168 psi 
Wearing surface, guardrail, / = (36.50 + 7.85 + 49.50 + 565) 12 
sidewalk LL, and truck 6.85 
loading after second \ (36.50 + 7.85 + 49.50 + 565) 12 
Se Someta rs * 





1160 psi 


composite action iL] 713 psi 


Table 6 compares load distribution and design moments. 


Maximum bending moment and stresses in the diaphragms 


Maximum reaction of the truck loading is obtained for one axle of the truck on the dia- 
phragm, the second axle is outside the range of influence. 

Range of influence = 1.2a; = 1.2 K 15 = 18 ft 

Axle space of standard truck loading = 14 ft 

Maximum positive moment in the diaphragm for X = 100 and H’ = 2 for four whee 
loads and 30 percent impact (Fig. 5): 

M = CPb, = (0.11 + 0.60 + 0.60 + 0.11) 16,000 x 1.30 5.42 = 160 ft-kips 


Maximum negative moment in the diaphragm for X = 100 and H’ = 2 for live load on 
both sidewalks (Fig. 6): 
M = — Cqa 1.2b; = — (0.35 + 0.27) 155 K 15 X 1.2 X 5.42 = 9.35 ft-kips 


Maximum bending stresses due to truck loading 
fo = 160 X 12/1.68 = 1145 psi 
fe = 160 X 12/5.23 = 366 psi 
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TABLE 6—COMPARISON BETWEEN LOAD DISTRIBUTION TO BEAMS FOR 
LIVE LOAD DESIGN MOMENTS 


Fraction of wheel load to beams 


Beam H’' = | H’ =2 
AASHO 


X = 40 X = 100 X = 40 X = 100 










0.740 0.805 0.980 1.100 



















0.825 0.810 0.645 0.616 











0.824 0.760 0.728 0.628 


Maximum transverse bending moments and stresses in deck slab 
At center of panel 
Moment due to slab: 
M = 0.1 wb,? = 0.1 XK 60 X 5.42? = 175 ft-lb 
Moment due to 12,000 lb wheel load and 30 percent impact: 
0.9P 0.9 & 12,000 « 1.30 
~ 3 + (10c/b:) 3 + (10 X 1.25/5.42) 
Properties of section: A, = 12 X 5.0 = 60 sq in. 
Z = 12 X 5.0?/6 = 50 cu in. 


M, = — 2650 ft-lb 


Stresses due to slab: 
f = M/Z = 175 X 12/50 =°42 psi 
Stresses due to wheel loads and impact: 
f = 2650 X 12/50 = 635 psi 
Over a beam— 

Assume moments as above, 7.e., for slab 175 ft-lb, and for wheel load 2650 ft-lb. 
Properties of section: A, = 12 X 7 = 84 sq in. 

Z = 12 X 72/6 = 98 cu in. 

















Stresses due to slab: 

f = 175 X 12/98 = 21 psi 
Stresses due to wheel load and impact: 
f = 2650 X 12/98 = 325 psi 


Maximum longitudinal bending moments in deck slab 
At center of panel— 
M, = M, — 0.08 P X 1.30 = 2650 — 0.08 * 12,000 X 1.30 = 1400 ft-lb. 
Over a diaphragm— 
From p. 333 for V/b; = 1.50/5.42 = 0.28 
M, = — CP 1.330 = — 0.137 X 12,000 X 1.30 = — 2140 ft-lb 
Having calculated the maximum stresses in beams, diaphragms, and deck slab, stress 
distribution diagrams can be drawn and the assumed dimensions can be checked. The pre- 
stressing force, eccentricities, and the area of the cables can then be calculated in the usual 
manner. 


a ee lA A 


Secondary stresses caused by shrinkage of the topping relative to the precast beams, and 
also stresses due to shear and bond are not dealt with in this example. 

In computing the properties of beam sections, the difference in concrete quality between 
precast beams and the cast-in-place deck slab and beam topping was taken into account by 
reducing the width of the cast-in-place members in proportion to their assumed modulus 
of elasticity. Assume E. = 3,750,000 psi for the precast beams and 3,000,000 psi for the 


cast-in-place deck slab and beam topping. The stresses of the composite structure are then 
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computed by reducing the width of the cast-in-place members in proportion to their assumed 
modulus of elasticity. 


Checking for optimum transverse stiffness 

For the bridge structure given in the example with the longitudinal stiffness ratio of H’ 
= 2, the transverse stiffness ratio X = 100 seems to be optimum as the maximum values 
of = P C/4 = 0.155 for concentric loading and 0.157 for eccentric loading are practically 
identical and much lower than for X = 40. 


CONCLUSION 


An attempt has been made to describe a simple design method for prestressed 
concrete multi-beam bridges with stiffened exterior beams and to draw a 
comparison with prestressed slab bridges with stiffened edges. 

Computations were greatly facilitated by the fact that with three to four 
diaphragms (essential in longer bridge spans) the influence of M,’C’ can be 
neglected and the load distribution greatly simplified. 

The contribution of the deck slab to transverse stiffness of the bridge was 
emphasized and in the case of too stiff diaphragms a separation of the dia- 
phragm web from the deck slab suggested. 

It was shown that Guyon’s method of checking for optimum transverse 
stiffness with ‘elastic lines’’ can also be used for bridge structures with stiffened 
exterior beams, and by selecting the right transverse stiffness great economy 
can be achieved. 
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Title No. 52-23 


Mixing Water Control by Use of a Moisture Meter” 


By C. B. VAN ALSTINEt 


SYNOPSIS 


Conditions at Reservoir No. 22 Dam created severe fluctuations of free 
moisture in sand and pea gravel. Use of a moisture meter as a basis for ad- 
justments in water is described. Charts show the effectiveness of the device, 
in conjunction with other control measures, as an aid to producing quality 
concrete. 


INTRODUCTION 


Denver’s Reservoir No. 22 Dam is being built across South Boulder Creek, 
about 6 miles below the town of Pine Cliff, in Boulder County, Colo. The 
dam is a concrete gravity arch structure 340 ft high and 1000 ft long at the 
crest. It will contain approximately 628,000 cu yd of mass concrete. Re- 
servoir No. 22 Dam is another link in Denver’s water supply system and 
will have 42,000 acre-ft of water storage when completed. Most of this water 
will come from Colorado’s western slopes, diverted through the Moffat Tunnel. 


The aggregate, from a petrographic viewpoint, is composed predominantly 
of granites, gneisses, aplites, and schists. It is very uniform and has changed 
little petrographically, or in grading, in 16 months of use. The moisture 
meter described here has been used only with material from this source. 
Job conditions create severe fluctuations of free moisture 

Aggregates are hauled 14 miles to the job, processed, and used in a rela- 
tively short time. The aggregate processing plant on the side of a hill has a 
limited storage area. Sand is processed into two piles that contain approxi- 
mately 500 cu yd each of live storage. Lack of a third pile of similar size does 
not allow time for drainage and creates fluctuations of free moisture in the 
sand as batched. 


A final screening and washing process was installed above the batch plant 
and any leak occurring in the system eventually finds its way into one side 
of the sand bin, keeping that side at a higher moisture content than the 
other. Based on 3000 cu yd of concrete per day, the sand bin is filled ap- 
proximately 17 to 20 times. Each time the bin is filled, sand moistures are 
affected in approximately three to five batches, varying 1 to 3 percent between 

*Presented at the ACI 51st annual convention, Milwaukee, Wis., Feb. 23, 1955. Title No. 52-23 is a part of 
copyrighted JouRNAL or THE AMERICAN ConcreTE INstiITUTE, V. 27, No. 3, Nov. 1955, Proceedings V. 52 
Separate prints are available at 35 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than Mar. 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich. 


tMember American Concrete Institute, Concrete Engineer, Lehigh Portland Cement Co., Jacksonville, Fla 
formerly Concrete Engineer, Board of Water Commioners, Denver, Colo.). 
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Fig. 1—Moisture meter 


each. These changes in moisture come suddenly with no advance warning 
and make consistent batching difficult. Thus 50 to 100 batches a day are 
potentiaily so variable in moisture content as to seriously jeopardize uniformity 
of the concrete. 


USE OF MOISTURE METER 


A Denver concrete concern manufactures and uses an electrical resistance 
meter (Fig. 1) to determine free moisture in their materials. A meter of this 
type was brought to the job and has been in constant use since May, 1953. 
Essentially the moisture meter consists of a meter box connected to stationary 
electrodes placed in the sand hopper. The electrical resistance of the sand 
between the electrodes is recorded and converted into percent free moisture 
on the indicator chart. The meter box contains two resistance units that 
are independent of each other. By means of a selector switch both units 
are calibrated and recorded on the same chart. 


Calibration 


The batch plant inspector checks the calibration of the moisture meter at 
the beginning of his shift. The sand sample used for this calibration comes 
from that portion of the sand that lies between the electrodes in the hopper 
(Fig. 2). This is done by batching a known weight of sand to fill the hopper 
up to the point of the electrodes, securing the sample, and completing the 
batching cycle. This insures uniformity in sampling the material that the 
meter is recording. 


The moisture content of the sample is usually determined by the flask 
method, for expediency, which is slightly lower than by the oven-dry method. 
The difference depends upon the range of moistures encountered. The 
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Fig. 2—Location of elect- 
rodes in sand hopper 








*~Electrodes-~~ 








batch plant inspector takes the flask percentage of moisture, consults a cor- 
rection chart for the corresponding oven-dry percentage, and adjusts the 
meter accordingly. 


Batching of aggregates 

The meter is placed conveniently in the control room because it is con- 
sulted by the control board operator as each batch is weighed, thus making 
it one of the batching procedures. The meter has a selector switch which 
may be used to record the free moisture in the pea gravel. However, at 
Reservoir No. 22 Dam, the meter is used only for recording the free moisture 
content of the sand. The free moisture content of the coarse aggregate is 
fairly consistent and moisture corrections are adequately handled with the 
use of charts and an occasional moisture test (Table 1). 

After the free moisture content of the materials has been determined, the 
operator consults a moisture correction chart for correct batch weights of 
water, sand, and aggregates (Table 1). One of these charts is prepared for 
each mix. The number of columns represents the number of moisture com- 
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TABLE 1—MOISTURE CORRECTION CHART—RESERVOIR NO. 22 DAM 


Percent Sand wet Added mixing water, lb 
free moisture, weight, lb 


3616 
3651 
3686 


3826 
3860 
3895 


Moisture in coarse 


Fine—No. 4 to %-in. 
Medium—¥%- to 1\%-in. 
Coarse—14- to 3-in. 
Cobbles—3- to 6-in. 


Wet weight of coarse aggregate. 


Fine—No. 4 to %-in. 2884 2898 
Medium—%- to 1%-in. 2371 2371 
Coarse—1%- to 3-in. 3476 3476 
Cobbles—3- to 6-in. 3724 } 3724 


Mix proportions—4 4-cu yd batch 


Water—676 lb No. 4 to 4-in.—2855 lb w/C—0.68 

Cement—999 Ib %- to 1144-in.—2359 lb Slump, in.—1. 

Sand—3477 lb 1%- to 3-in.—3476 lb Air, percent 5 
3- to 6-in.—3724 lb Sand, percent—22. 


5 
3 


*Saturated surface dry. 


binations expected in the coarse aggregates. The batch weights of coarse 
aggregates, corresponding to each combination of moisture, are listed below 
in each column. The added mixing water is listed in the upper part of the 
chart, and is the required mixing water minus the water in the sand and 
coarse aggregates. The operator reads the meter for the percentage of free 
moisture in the sand and from the chart gets the correct batch weights of 
added mixing water and sand. The time required to make these corrections 
on the scales is negligible. 


DEPENDABILITY 


The moisture meter is not infallible nor free from mechanical failure, but 
its dependability is good within normal ranges of moisture fluctuations. 
The electrical recorder chart is not accurate above 10 percent free moisture, 
based on a saturated surface dry condition. The calibration of the mete: 
below 10 percent will not carry through to the higher range although it does 
give a good indication. A sudden change of moisture, causing the indicato1 
to swing beyond its normal are and hit the wall of the meter box, will caus: 
the meter to lose its calibration, by jarring the indicator away from its zer: 
point. The meter will not indicate a change in fineness or coarseness 0! 
Reservoir No. 22 Dam material, even though moisture is constant. It has 
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Fig. 3—Meter chart show- 
ing percent free moisture 
in sand 


operated well despite dust, vibrations, voltage fluctuations, and other adverse 
conditions in the batch plant. 

Severe fluctuations of moisture indicated on the moisture meter have 
been sufficient warning to batch plant inspectors to correctly estimate and 
subtract as much as 300 lb of water from one batch to the next and still stay 
within the desired slump range. The 300 lb represents 45 percent of the 
total mixing water. (Fig. 3 shows typical moisture fluctuations.) An ex- 
perienced inspector, familiar with the meter and the materials he is using, 
is able to batch concrete, when sand moisture is in the upper ranges, almost 
to the point where water starts running through the bins. 


RESULTS 


The results of using the moisture meter can only be judged from the over-all 
control of the job. Prompt and correct adjustment for widely varying moisture 
content of sand was probably the greatest problem faced in concrete control. 
Without solving this problem, the effectiveness of other aspects of control 
would have been seriously impaired. Dam No. 22 has a fully automatic 
batch plant with two 4-cu yd, tilting drum-type mixers. However, the 
slump of concrete in the mixers could not be seen for correction before dump- 
ing, therefore, it was imperative that the water content be controlled before 
reaching the mixers. 


The results shown in Fig. 4 and 5 are from the 28-day compressive strength 
test specimens of May and June, 1954. Results during May and June are 
typical concrete control data and were selected for the sake of brevity. 
Actually, over-all control for the year is better than the months of May and 
June. Complete data show a coefficient of variation of 9.4 percent for the year, 
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W/. RATIO COMPRESSIVE CONTROL 
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Fig. 4—Control chart method of analysis—2.5 sacks of Type | portland cement 
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against 9.8 percent for May and June. The results shown for May and 
June represent 156,000 cu yd of mass concrete. 

Fig. 4 is a control chart showing the 28-day compressive strengths, plotted 
in progressive order as they were tested. It shows a coefficient of variation 
of 9.8 percent, standard deviation of 286 psi, and an average strength of 
2910 psi. The maximum, minimum, and average values of W/C, percent 
air, slump, and compressive strengths along with the number of specimens 
tested are shown on the chart. The limits are such that 80 percent of the 
compressive strengths will fall within 1.2826 (standard deviation) from the 
average. For a complete discussion of the control chart method of analysis, 
see the ASTM Manual on Quality Control of Materials. 

Fig. 5 shows the frequency distribution of the same cylinders. The con- 
crete design is based on 80 percent of the 28-day compressive strengths being 
above the design requirements of 2500 psi; actually 90 percent are above 
2500 psi. 

Fig. 3 is a typical moisture chart showing fluctuations in the moisture 
content of sand as they were recorded during concrete production. The 
graph was originally a series of dots which were connected to make a line for 
better illustration. Where the graph leaves the chart, uniform concrete 
production continued only because of the ability of the inspector, from 
experience, to estimate proper corrections in water requirement. 


CONCLUSION 


The moisture meter, together with separation of aggregates into five sizes, 
finish screening of coarse aggregate at the batch plant, weigh batching, mixer 
performance tests, quality control methods, and other elements in establishing 


rigid production control, was a key factor in obtaining a degree of uniformity 
which gave confidence in reducing the cement content of the interior mix 
from 3 sacks of Type II cement per cu yd to 2) sacks of Type I cement 
per cu yd with substantial savings. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 
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Ultimate Theory in Flexure by Exponential Function® 


By G. M. SMITH and L. E. YOUNG 
SYNOPSIS 


Describes an approach to ultimate failure of reinforced concrete beams 
based upon an exponential function describing the stress-strain curve in 
flexure. The exponential function and the generally proposed stress block 
as described by three parameters are compared. The values generally sug- 
gested for these parameters show a remarkable relationship to the exponent 
used to describe the stress block in flexure. 

Expressions for compressive and tensile failure are derived for predicting 
the ultimate moment of rectangular reinforced concrete beams. The ex- 
pressions are developed using an exponential function to describe the stress 
block and an equivalent moment of inertia of the concrete and steel. A com- 
parison of actual ultimate moments with the theoretical moments shows good 
agreement. 

Certain assumptions are made as to the stress-strain relationships in flexure 
which need further experimental verification. 


INTRODUCTION 


Various expressions have been suggested for determining the ultimate 
load carrying capacities of reinforced concrete beams. There is some re- 
luctance to use these expressions because they are too empirical, even though 
statistical studies of considerable data show their merit. 

The authors attempt to characterize ultimate failure from an entirely 
new approach. The primary purpose of this paper is not necessarily the 
approach itself, but to stimulate interest in developing new ideas in ultimate 
design. It is believed that such a perspective might lead to clarification of 
certain areas of misunderstanding in ultimate failure. 


STRESS BLOCK DEFINED BY THREE PARAMETERS 


It has been generally proposed that the magnitude and location of the 
resultant internal compressive force can be defined by three parameters: 
ki, ke, ks (Fig. 1). The parameters are defined as follows: 

ky ratio of average compressive stress to maximum compressive stress of the concrete 

at ultimate 
ratio of the depth to the resultant compressive force to the depth of the com- 
pressive zone 


*Received by the Institute Dec. 13, 1954. Title No. 52-24 is a part of copyrighted JourNAL or THE AMERICAN 
Concrete Institute, V. 27, No. 3, Nov. 1955, Proceedings V. 52. Separate prints are available at 50 cents each 
Discussion (copies in triplicate) should reach the Institute not later than Mar. 1, 1956. Address 18263 W. MeNichols 
Rd., Detroit 19, Mich. 

tMembers American Concrete Institute, Assistant Professors, Engineering Mechanics, University of Nebraska, 
Lincoln, Neb. 
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Fig. 1—Stress block in flexure defined by parameters k,, k., and k; 


k; = ratio of maximum compressive strength of the concrete in flexure to cylinder 
strength 
With reference to Fig. 1, the following equations are available:' 
A,f, = kiksbef.’. . ; 
M kiksbef.’ (d — kee). . 
,@-e 


€s og. 


c 
Eliminating c in Eq. (1) and (2) will result in an expression for determining 
the ultimate strength of beams failing in tension. For a compressive failure 
of the concrete, the compatibility, Eq. (3), must be used to determine the 
stress in the steel at failure. Solving Eq. (1), (2), and (3) gives an expression 
for the ultimate strength of beams failing by crushing of the concrete. 


STRESS BLOCK DEFINED BY EXPONENTIAL FUNCTION 


Consider the typical stress-strain curve of concrete obtained from a com- 
pression test of a cylinder (Fig. 2). Such a curve can be expressed by f, = K e”. 
Where f. = stress in the concrete 
K = a constant 
€ unit strain corresponding to f. 
m an exponent 
It is to be noted that for a linear stress-strain relation, m would equal one 
and K would become the modulus of elasticity. The value of m may be 
obtained by plotting the test data for a cylinder on log-log paper. The equa- 
tion f. = Ke™ plotted on log-log paper takes the form of a straight line. 
log fe = m log e + log K 
Where m = slope of the straight line 
Unfortunately, it has been found that the behavior of concrete in flexure 
is different from that of compression in a test cylinder. It is believed, how- 
ever, that with some adjustment in m the stress block in flexure can be de- 
scribed by the function f, = Ke”. 
With reference to Fig. 3 the following analysis can be made. 








Fig. 2—Typical stress-strain curve of 
a concrete cylinder 
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From geometry, where p = radius of curvature of the neutral axis 


(6) 


(7) 


A comparison of Eq. (6) and (7) to the stress block in Fig. 1, shows that 


It is believed that m could be used to replace the three parameters generally 
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Fig. 3—Stress distribution represented by exponential function 
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TABLE 1—PARAMETERS COMPUTED FROM EXPONENT m 


ke = I kiks = 


l oe _ke 
m+ l kiks 


= m+ti 
m+2 
69 0.59 
.67 0.60 
.63 0.62 
.59 0.63 


VALUE OF EXPONENT m 


The authors have found from tests of cylinders that m increases with 
increasing strengths. Various investigators have found that the strain in 
flexure at ultimate might range from 3000 to 4000 micro-in., with a slight 
decrease in strain for increasing strengths. Fig. 4 is based on these findings. 


The relationship between ultimate stress from a cylinder and the ultimate 
strain in flexure is assumed to be linear as shown in Fig. 4. Fig. 5 is a log- 
log plot of f. = Ke” for various concrete strengths. The two end points 
are established as follows: 

(a) The lower point is found from the assumption that the stress-strain relation in 
flexure is linear for low stresses. f. has been taken as 25 percent of the ultimate with a 
modulus of 4 X 10° psi. Due to a lack of information as to values of E in flexure, a 
constant value is assumed. 

(b) The.upper point is determined from the stress-strain relations shown in Fig. 4. 

Fig. 6 shows m to vary directly with the concrete strength. Considering 
various values of m (Fig. 6), the corresponding values of ke, kiks, and ke/kiks 
are shown in Table 1. 
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Fig. 4—Assumed ultimate strains in flexure for concrete of various strengths 
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Fig. 6—Variation of m with ultimate compressive stress of concrete 


The values that have been generally suggested for the parameters are as 
follows:! 

ke = 0.35 to 0.45 

kiks 0.59 to 0.9 

ee 0.5 to 0.59 

kiks 

It is of interest to note that the location of the resultant compressive force 
varies only slightly with the degree of nonlinearity of the stress block. 


ULTIMATE FAILURE BY EQUIVALENT MOMENT OF INERTIA 


Consider the section of a homogeneous beam as shown in Fig. 7, in which 
the stress distribution is nonlinear. The stress at any distance y from the 
neutral axis can be expressed as 


Ky" 
f= — [see Eq. (5)] 
p™ 


Then the moment, M, on the section is 


A/ 2 K A/2 
M = f f by dy = — f byt? dy 
As p™ J -n/2 


A/2 
bf y™*! dy. hn (9) 


-h/2 
Where J, can be considered to be an equivalent moment of inertia. Substitut- 
ing f/y” for K/p™ and J, into Eq. (8) results in the following 
My" 
f= 


Bees : (10) 
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distribution in a homogene- 
ous beam 


Fig. 7 — Nonlinear stress b 


























When m equals one, Eq. (10) reduces to the elementary flexure formula. 

Let us now consider a reinforced concrete beam as shown in Fig. 8. The 
steel can be replaced by an equivalent area of concrete if we let 

T=f,A,=nA,f., andn = f,/f. 
Where f, and f. are stresses, respectively, in the steel and concrete at the loca- 
tion of the steel. 

The expression for J, as derived for homogeneous beams [Eq. (9)] can be 
modified to fit the equivalent concrete section. For the compression area 
the equivalent moment of inertia becomes 


c 
of ym* dy 
0 


and for the concentrated equivalent area at the steel 
nA,(d —c)™™! 
Then the total equivalent moment of inertia is 
(c)mt 2h 
= —— + nA, (d — c)™™! 
m-+2 


The total resultant compressive force is 


c b c 
C = of f-.dy = f M y™ dy. 
‘ Id 
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-+—£ 


c 
-— 4—| 
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Fig. 8—Stress and strain conditions in a reinforced concrete beam at ultimate 
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It has previously been shown that 


Then the resisting moment of the section is 


; m+ 1 
M = ( d -— ¢ + ce 
_ Bw a 2 


Eliminating C from Eq. (12) and (13), the following expression results 


m+ il ¢ 
I. = (« - ¢ + :) f y™ b dy (14) 
m+2 Jo 


Substituting the value of 7, from Eq. (11) into Eq. (14) and simplifying, the 
following expression results 


bem 7! — nA,(m+1)(d —c)™ = 0 (15) 
For linear conditions, with m = 1 and letting p = A,/bd and c = kd, Eq. 
(15) reduces to the familiar expression, 

k= —np+ V( np)? + 2np 
Eq. (15) can be used to locate the neutral axis for either concrete or steel 
failure, provided that the basic concept of n is used and not the ratio of the 
moduli. Basically, n is the ratio of the stress in the steel to the stress in the 
equivalent concrete at the location of the steel. The unit strain of the equi- 
valent concrete fibers is the same as the strain of the steel. It will be assumed 
that the concrete in tension, follows the same function as in compression. 

The value of n for a_.concrete failure can be determined by assuming that 
the steel is still in the elastic range. Noting from Fig. 8 that 


(: ; ‘) | 
G = = Fe " € 


and that 


the value of n becomes 


Ie E, « E,{fd-—c\'-™ 
/ 24 es * ieee (16) 
; 4 K (e,)™ fi c 


For linear conditions, m = 1, the value of n becomes the ratio of the moduli. 


The value of n for a steel failure takes the following form — 


i.’ ay ie & 7 
= - (1¢) 


* as . ’ 7 , 
Jj K(«,')* J és 


Au = 


Where f,’ and ¢,’ are stress and strain, respectively, in steel at the yield point. 
It should be pointed out that K can be determined from the ultimate condi- 
tions of the concrete, even though the stress in the concrete for a steel failure 
may be considerably less than the ultimate. The above expression also re- 
duces to the ratio of the moduli for linear conditions of stress and strain. 
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ULTIMATE THEORY IN FLEXURE 


SAMPLE PROBLEM 


The expressions derived in this paper will now be used in computing the 
ultimate moment of a beam. Data of the beam as shown in Table 2 are as 
follows: 

Beam 4308 
= 2.47 in. i, = 30 X 10° psi 
= 2.02 in. ,f 3900 X 10° (from Fig. 4) 
= 3330 psi = (0.472 (from Fig. 6) 

f, $2,800 psi . = 1500 X 10° (strain in steel at beginning 

A, = 0.221 sq in. of yield period ) 

The beam will first be checked for a concrete failure. Substituting the ex- 
pression for n from Eq. (16) into Eq. (15) and simplifying, we obtain 


, 


E, € 
be? — (m + 1) oa A,(d —c) =0 
iP 


Substituting numerical values in the above expression the following quadratic 
equation results 
c? + 5.67¢ — 13.97 = 0 
From which c = 1.86 in. 
From Eq. (11) 


m 


be 
= +nA,(d — c)™™! = 5.88 
m+2 
At concrete failure, f, = My”/I, becomes f.’ = Mc™/I, and solving for M gives 
fil 


cm 


“= 14,620 in.-lb or 1218 ft-lb 


Consider now the possibility of a steel failure. Evaluating n from Eq. (17) 
from which 


:) = 20.2 


Substituting values into Eq. (15) and simplifying results in the following 
cli? — 3.95 (2.47 — c)0472 = 0 

Solving this expression for c gives c = 1.88 in. 

From Fig. 8 it can be seen that 
jd = d —c + yo = 1.71 in. 


Where 
m+ 1 : 
Yo = - BC [see Eq. (6)| 
m+2 


The ultimate moment for a steel failure can be expressed as follows 

M =f,’ A, jd = 16,150 in.-lb or 1345 ft-lb 
This value is greater than the ultimate moment obtained for a concrete 
failure, indicating a concrete failure. This is in agreement with the test 
results shown in Table 2. 

In Table 2 a comparison of test values computed by the preceding method 
are compared for several concrete and steel failures in two sizes of beams. 
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TABLE 2—COMPARISON OF COMPUTED AND TEST VALUES 


Ultimate or structural | Mode 
| imit moment, of 
Beam b, d, As, Se’, Se’, ec’, és, : ft-lb failure 
No. in. in. 8q. in.| psi psi in. per in.|in. per in. m pee | test and 
Com- Test Pe ercent| computed 
puted | diff. 
‘ ‘ | am Neen ee ee 
4308* | 2.02 | 2.47 | 0.22 | 3330 | 42,800 | 0.0039 | 0.0015 | 0.47 | 1,218 | 1,242 | 1.9 | Concrete 
“4407 | 2.07 | 2.63 | 0.20 | 4170 | 40,800 | 0.0036 | 0.0016 | 0.55 | 1,605 | 1.520| 5.6 | Concrete 
6301 | 2.01 | 2.42 | 0.027| 2750 | 62,500 | 0.0041 | 0.0024 /0.43| 207| 314| 5.4 | Steel 
6304 | 2.00 | 2.45 | 0.11 | 2760 | 75,800 | 0.0041 0 0028 |0.43| 945| 957} 0.6 | C Conerete 
6306 | 2.00 | 2.47 | 0.20 | 2760 | 75,200 | 0.0041 | 0.0028 | 0.43 | 966 | 1,009 | 4.3 | Concrete 
6403 | 2.00 | 2.61 | 0.077, 4140 | 81,500| 0 0036 | 0.0030 | 0.55 | 1,100 | 1,257 | 12.5 Steel 
6406 | 2.01 | 2.47 | 0.20 | 4190 | 75,200 | 0.0036 | 0.0028 | 0.55 | 1,400 | 1,362 | 2.8 | Concrete 
6503 | 1.98 | 2.45 | 0.11 | 4770 | 65,000 | 0.0034 | 0.0025 | 0.58 | 1,162 | 1,357 | 14.3 | Steel 
23t | 5 5 0.58 | 3060 | 55,200 | 0.0040 | 0.0022 | 0.45 | 9,980 | 10,630 | 6.1 | Concrete 
221 | 5 5 0.22 | 3060 | 53,400 | 0.0040 | 0.0021 | 0.45 | 4,150 | 4,050 2.5 | Steel 
g22 | 5 5 0.44 | 3060 | 53,400 | 0.0040 | 0.0021 | 0.45 | 7,600 | 7,920| 4.0 | Steel 
2233 | 5 5 0.66 | 3060 | 53,400 | 0.0040 | 0.0021 | 0.45 | 10,930 |11,240 | 2.8 | Concrete 
224 |5 | 5 | 0.88 | 3060 | 53,400| 0.0040 | 0.0021 | 0.45 | 11,320/11,000 | 2.9 | Conerete 
225 | 5 5 1.10 | 3060 53,400 | | 0.0040 | 0.0021 | 0.45 | 11,620 | 11,330 | 2.6 | Concrete 
321 | 5 5 0.22 | 4750 | 53,400 | 0.0034 | 0.0021 | 0.58 | 4, 290 | 4,600 | 6.7 | Steel 
341 | 5 5 0.307) 4750 48, 100 0.0084 | 0.0019 | 0.58 | 5,430 | 5,820| 6.7 | Steel 
421 15 |5 | 0.22 | 5870 53,400 0 ).0081 | 0.0021 0.66 | 4,360 | 4,540| 4.0 | Steel 
441 [5 | 5 | 0.307) 5870 | 48,100 | 0.0031 | 0.0019 | 0.66 | 5,350 | 5,560 | 3.8 | Steel 





*Zource for beans 4308 to 6503 is Ce ox. 
tSource for beams 213 to 441 is Lash and Brison.‘ 


The beams consist of concretes in which the cylinder strengths range from 
2750 to 5870 psi and steels in which the yield point ranges from 40,800 to 
81,500 psi. Even though these limited results are not conclusive they indi- 
cate that the expressions herein derived give reasonably accurate predictions 
of the ultimate moment. 


The test results and beam data, shown in Table 2, were obtained from 
tests reported by Cox* and Lash and Brison.* Cox reports an average struc- 
tural load limit and an average ultimate load. For steel failures the calcu- 
lated values have been compared to the moments corresponding to the struc- 
tural limit loads. The structural limit loads are those that occur when the 
stress in the steel reaches the yield point. For beams of low percentages of 
steel, the actual stress at ultimate may be higher than the yield point. Jensen 
also points out that for beams which fail at stresses above the yield point 
the additional carrying capacity above that at first yielding is obtained at 
the expense of large deflections. It should be pointed out that n for steel 
failures [see Eq. (17)] has been determined from the strains in the steel cor- 
responding to the beginning of the yield period. 




















ULTIMATE THEORY IN FLEXURE 


DISCUSSION 


Mathematical formulation of engineering problems must usually be based 
upon simplified assumptions. Based upon the observations of various in- 
vestigators, the authors feel that the assumptions made are in reasonable 
agreement as to the strains and behavior of concrete when subjected to flexure. 
Just how well the exponential function describes the stress block is not known. 
It is believed that such a function could be verified from flexural tests of rein- 
forced concrete beams. Such a test would consist of measuring strains across 
the compression zone of the concrete and strains on the steel. The constant 
K could be determined from the ultimate strength of a cylinder and the ulti- 
mate strains in the concrete in flexure. Then the exponent m could be selected 
such that the resultant ultimate internal compressive force of the concrete 
equals the force in the steel. In addition the ultimate moment by test could 
be used to check against the centroid of the stress block. Concretes of various 
strengths should be used since m probably varies with the strength of the 
concrete. 

The value of m as determined in this paper tends to approach unity for 
high-strength concretes. This indicates that the degree of nonlinearity in- 
creases for weaker concretes. This characteristic has been observed in cylin- 
der tests. The equations derived in this paper reduce to the elementary or 
linear equations when m equals unity. The use of an equivalent moment of 
inertia would suggest that expressions similar to those derived here could 
be extended to other shaped sections. 

The paper as presented is more or less academic in nature and is not in- 
tended at this stage for design purposes. Certain phases are also somewhat 


empirical but it is believed that the approach presented, with some experi- 
mental work, could lead to the elimination of certain empirical characteristics 
in ultimate design. 
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Title No. 52-25 


Simple Moments and Moment Design’ 


By S. E. HUEYt 


SYNOPSIS 


Starting with the moment for a simply supported single span, a simple 
and direct method of moment design for prismatic beams and frames is out- 
lined. The method is exact but lends itself to quick and close approximations 
for preliminary design. 


A simply supported single span prismatic beam with uniform load has 
the familiar moment diagram shown in Fig. 1. The moments at the ends of the 
span are zero and the maximum positive moment at the center of the span is 
wl?/8. 

When this beam is attached to adjacent members, it will be restrained 
by the adjacent members and the beam will have negative moment at the 
restrained ends. 


If the beam is restrained at the left end and hinged at the right end, the 
beam will have negative moment at the left end (Fig. 2). When the beam is 
restrained at both ends it will have negative moment at each end (Fig. 3). 
For the special case of equal end restraints the moment line for the restrained 
beam will be parallel to the moment line for the simple span (Fig. 4). The 
end moments of the restrained beam can be expressed as: —M, = K,Msgs 
and — Mr = KrMsgs, where Mgzs = wil*?/8, and the subscripts L and R desig- 
nate left and right. 


STIFFNESS 


When the ends of a single span are attached to adjacent members to form a 
continuous beam or frame, the moment diagram remains the same as for the 
simple span, but the moment line shifts, reducing the positive moment as 
the negative moment increases. The negative moment is taken by the end 
restraints of the beam. This end restraint is due to the stiffness of the re- 
straining members. 


The stiffness of a member is determined by its //L value and the restraint 
of the member at its far end. The stiffness, S, of a member which is hinged 
at its far end is equal to //L; if fixed at its far end, S = 114 x I/L. 

*Received by the Institute Aug. 3, 1953. Title No. 52-25 is a part of copyrighted JourNAL or THE AMERICAN 
Concrete Institute, V. 27, No. 3, Nov. 1955, Proceedings V. 52. Separate prints are available at 50 cents each. 


Discussion (copies in triplicate) should reach the Institute not later than Mar. 1, 1956. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 


tMember American Concrete Institute, 8. E. Huey & Co., Engineers & Surveyors, Monroe, La. 
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Fig. 1—Moment diagram for simply Fig. 2—Moment diagram for beam 
supported single-span prismatic beam __ restrained at one end, hinged at other 
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- L 
Fig. 3—Moment diagram for beam Fig. 4—Moment diagram for beam 
restrained at both ends with equal end restraints 


The stiffness of a member can be found as follows: 

Let r = restraint at near end of span when far end of span is fixed 
S, = stiffness of preceding span 
S, = stiffness of span considered when its far end is fixed = 1144 x J/L 
S = stiffness of span considered 


Then r= Sp (S, + S.) S = (1.0 aa i 3) xX I L 
For example in Fig. 5 start at A and proceed to E. 


@ | O O ® Oo (4) Ser = (10 + ome ) x 1.0 = 1.143 














Late Lh “ ‘i 1.143 9 , 
.» ° C o E ree = 73 4 1333 ~ °* 
Fig. 5—Four-span symmetrical con- oil 


tinuous beam (6) Spt = ( 1.0 + = ) x 1.0 = 1.154 


0 
-=() 5 
and 1.154 
0 + 1.333 (7) Tpr = _ oo 0.464 
(2) Ser = (1.0 + 0/3) X 1.0 = 1.00 ieee, & 2088 


ks — 0.464 
(3) rar = —Faaq = 0.429 (8) Sex = ( 1.0 + - <) x LO = 1.155 


(1) rar = 


Then start at EF and proceed to A. 
Spr = 1.00; Scr = 1.143; Spr = 1.154; Sar = 1.155 


RESTRAINT 


When a member is restrained at the near end and hinged at the other, let 
R = restraint at the near end of span, and R = K (Fig. 6). S; + Ss + Ss 
= ZS_,, the sum of the stiffnesses of the restraining members. J/L = stiff- 
ness of loaded span hinged at far end. 
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Fig. 6—Beam restrained at near end, 
hinged at other 
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Fig. 7—Beam with equal end restraints 


> =S1 , 
cote” ES; Meo ) 
For the special case of equal end restraints (Fig. 7): 2S; = S; + Se + Ss; 
rSr _ S4 + Ss + Se; and Sr, => rSrp. 
rS_ 
Ki, = ~ = Kr (2) 


~S, + 1/L + l46>Sr 


For the general case of unequal end restraints a solution by geometry and 


statics can be developed from Eq. (1) and (2). 


However it is much simpler 


to use a unit graph or chart as shown in Fig. 8, which can be drawn on cross- 
section paper and used as a permanent chart. 


As an example of the use of this chart we can use a two-span frame (Fig. 9). 


Let Siz = 1.0; then relative 7/L for 


span 1-2 = 0. 
Rize = 1/(11 + 0) = 1.0 


if preferred, this may be expressed 


as follows for Si, = @~: 
Sit l 
Rir== ait = — = 1.0 
Sin + I L l + U/ L) Su 
Ll 
Rua = ——— = 4/7 
14+ 


Now enter the chart (Fig. 10) with 
R, = 1 and Rpg = Oand get the inter- 
section c with the pivot line. Next 
enter the chart with Rr = 4/7 and R,; 
= 0 and get the intersection d with 
the other pivot line. The moment line 


drawn through cand d will intersect the 
left hand seale for K, at 0.83 and the 
right hand scale for Kz at 0.33. Then 
— M, = 5/6 X wil?/8 = 5wl*/48 and 
—M, = 


1/3 XK wil?/8 = wl?/24. 
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Fig. 8—Unit chart for general case of 
unequal end restraints 
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Fig. 9—Two-span frame 
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CARRY-OVER 


The moment at the near end of a span has a carry-over effect which pro- 
duces a moment of opposite sign at the far end of the span. When the far 
end of the span is fixed (R = 1) the carry-over factor is 1/2, and when the 
far end of the span is hinged (R = 0) the carry-over factor is zero. The 
carry-over factor is therefore 1/2R, where R is the restraint of the member 
at its far end, when the near end is hinged. The moment carried over to the 
far end is equal to the near end moment X 1/2R. This is illustrated by Fig. 11. 


Sor 11/7 . ‘ 
Ro. = = = = 8/15 = 0.533 
Sor + I/L span 1-2 11/7+1 
Ret — K, 
— M, = 0.533 X wil?/S = 0.0667wl?* 
The moment carried over to the far end 3 of restraining span 2-3 = 4% Rs, X 
0.0667wi?, where 
Sar I 
Ru = — : ; = =\% 
Sse + 1/L span 3-2 i+ 1 


6Rst = + Kz 


Then +M; = % X % X 0.0667 = 0.0167wi* 


CONCENTRATED LOADS 


A simply supported beam with concentrated load is shown in Fig. 12. When 
restrained at the left end and hinged at the right end as in Fig. 13 


Sr 
R, ™ . 
S, + 1/L for loaded span 
b+L 
L= OL xX Rr 


—_ M, ™ Kr x Mss 


Similarly, when restrained at the right end and hinged at the left end 














Spr 
Rr = ’ 
Sr + 1/L for loaded span 
K a+ L F 
3 Read Ke: afin ae Seated 
af 
S 033(@/3) Mp = Ke X Mss 
© 
9 The end moments for a beam re- 
a Oy Ree 4 strained at both ends and with a 
v a \*&R 7 . 
4 A concentrated load can be found by 
YX Pivot \Lines geometry and statics, but it is simpler 
to use a unit chart as shown in Fig. 
R100 15. This is similar to the chart for 


Fig. 10—Using unit chart for two-span Uniform loads except that the pivot 
frame of Fig. 9 lines are drawn on the chart for the 
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Fig. 11—Example of carry-over effect 
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L _ 
Fig. 12—Simply supported beam with Fig. 13—Simply supported beam re- 
concentrated load strained at left end, hinged at right end 


position of the concentrated load. 


As an example, consider the three-span continuous beam of Fig. 14. Let 


a = L/4 and b = 34L. The’restraining members are hinged at their far 


ends, hence their stiffness = 7/L = 1. 


Pab 
Mss = = 0.19 PL 
L 


b i F 
2L 
at+L 
2L 
a+L 


R; = = = 9 Rr = 5% Rr = (0.51 


2L 























Z 
3 


Fig. 14—Three-span continuous beam 
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On the chart (Fig. 15) the pivot lines (b + L)/2L = 7/8 and (a + L)/2L 
= 5/8 are drawn as shown. Then enter the chart with 7/8R, = 0.44 and 
Rr = 0 and get the intersection c with the pivot line. Next, enter the chart 
with 5/8Rrz = 0.31 and R,; = 0 and get the intersection d with the other 
pivot line. The moment line drawn through c and d will intersect the left 
hand scale for K,; at 0.38 and the right hand seale for Kz at 0.22. Then 

—M, = Kz Mss = 0.38 X 0.19 PL = 0.072 PL 

—Mr = Kr Mss = 0.22 X 0.19 PL = 0.042 PL 


EQUATIONS 


Restraint has usually been expressed as R = S/(J/L) with R varying be- 
tween limits of zero and infinity. In this paper R has been expressed as R = 
S/(S + I/L) with R varying between limits of zero and 100 percent. 

When a member with uniform load is restrained at one end and hinged at 
the other, there is no moment to be carried over from the hinged end to the 
restrained end and R = K and 

; Ss 

* Ta. 

For the special case of a member with uniform load and equal end restraints 

R = K + CO (see Fig. 17) 


(3) 





7 S RK S 
Where R = ——— and CO = — =- eye: 
S+1/L 2 2S + I/L) 
Substituti : K + : K 
Substituting: ————_— = os 
eS + I/L 2S + I/L) 


Multiplying by (S + 7/L): S = K(S + 1/L) + SK/2 
S = K(S + J//L + 8/2) 
S S 



































K = ————_- = —____ (4) 
S+1/L+ 8/2 15S + J/L 
O 
Kr=0.22 
A= 0.38) 90- . 
Cc , 
ML %Re= 0.3/ 
7g Rin0.44 #02 
Pivot Lines 
G0- ath 
. bt 
60 4 
b4L _7 
3r° = /s - 
1.00 
0 0.50 O 


Fig. 15—Using unit chart for three-span beam of Fig. 14 














SIMPLE MOMENTS AND MOMENT DESIGN 





Note that for Fig. 17 under con- 
ditions of equal end restraints the 
moment line would be horizontal and 
R, = Re = R; K, = Kr = K; CO, 
= COr = CO; and CO = RK/2. For 
a member fully restrained at both 
ends, let S = 1.0, then the relative 
value of 7/L = 0 and 

S l 


= 3 _ — => —_ = 2 3 
1.58 + 1/L 1.5 + 0 








whence by construction K = A = 
= 2/3 and from similar triangles x 





Fig. 16—Moment line for beam with 
=y = 1/3. unequal end restraints 


The moment lines for the two conditions of end restraint [Eq. (3) and (4)] 
will intersect at points c and d which have the coordinates Az and By (see 
Fig. 16 and 17). Points c and d may be called fixed points about which the 
moment line rotates as the restraint at the far end of the beam is increased 
from zero to 100 percent. The locus of the fixed points will lie along a line 
from A = 0,2 =O to A = 2/3, ce = 1/3 and B = 0, y = 0 to B = 2/3, 

Thus from similar triangles we have the relationship A = 2z and 


= 2y. 


For the general case of unequal end restraints we can follow the procedure 
of considering each near end of the member in turn under the given conditions 
of restraint, with the far end hinged and then with the far end restraint equal 
to the near end restraint, and solve for the locations of the fixed points c and d. 

The moment line for a member with unequal end restraints will therefore 
pass through the two fixed points c and d, having the coordinates Az and By. 
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Fig. 17—End moments for general case of unequal end restraints 
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If we use A, x for the coordinates of ¢c and B, y for the coordinates of d 
(Fig. 16) the equations for moment design can be written as follows: 
S; A = 2z (for w) 
2 = = 
Si,+ 1/L 
’ b+L_. 
Sr A = 2x oI (for P) 
Ser +s I L cai 


; Si B = 2y (for w) 
2 
“1.58, + 7/L 
oi hk Sr 
~ 1.5Sre + 1/L 


a+L_. 
(for P) 
2L 


For beams restrained at one end: 
K, = R_, (for w) Kr = Re (for w) 
. b+L. . - * 2. 
K, R, aI (for P) Kr = Rr OL (for P) 


ahs 


For beams restrained at both ends: 

A-—-B Kr = B — y X Slope 
—(@+y) —M, = Ki Mss 

K;, = A +2 X Slope —Mr = Kr Msgs 


Slope (of moment line) = 


End moments for the general case of unequal end restraints as in Fig. 17 
may be solved as follows: 
S; l 


A ——— = 
158,+1/L 15+4+0 


= 2/3; 


Sp 4/3 


B= 


: ~ = 4/9; 
1.5 Se + 1/L 6/3 + 3/3 


A-B 6/9 — 4/9 
Slope = - = “a 
1—(zr+y) 1 — (3/9 + 2/9) 
xX Slope = 2/3 + (1/3 K %) = 5 
X Slope = 4/9 — (2/9 & \%) 
wl? 5wl? 


= K,.Mss = 5/6 X = », — Mr = KrMss 
S 48 


EXAMPLES 
Beam fixed at left end, hinged at 
right end (Fig. 18) 
Mss = wil?/8 
Let S; = 1 
Then relative 7/L = 0 
Si l 


: - Si.+]1/L 1+0 











—M, = 1 X wi*/8 
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Beam fixed at both ends, equal end 
restraints (Fig. 19) 














Fig. 19 
Frame, left column hinged at base, 
beam hinged at right end (Fig. 20) 
S for column = 1 X J//L = 1 


S; I 


R, = = 
Si+1/L 1+ 1 





Frame, left column fixed at base, beam 
hinged at right end (Fig. 21) 





1/7 X wl?/8 = w 


+M at base of column (R = 


Fig. 21 lg X wil?/14 = 


Frame, column fixed at base, beam 
fixed at right end (Fig. 22) 


S llg 








114 
1% 41 
l 
 £+8 
From chart: K, = 0.33; Kr = 0.83 
-M, = 0.33 X wil?/8 = 0.0417 wil? 
-Mr = 0.83 X wi?/8 = 0.104 wi? 


= 4/7 





+M at column base = % M, 


Frame, columns hinged at bases, equal 
end restraints (Fig. 23) 





: S: 1 
K, =— — = 
Sr.t+1/L+ 6S, 1+1+! 








Kr => 0. 40 





—M, 2 Mr = (0.4 wl?/8 = wi?/20 


cdot PERCE Y NANT NN TSP IS 
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Frame, columns fixed at bases, equal coo 





i 








end restraints (Fig. 24) 





“Mi M.LA 


“Mp 








11 $ 
a Sts a 











cc 
+M at column bases (R = 1) = — M/2= 
wl? /36 Fig. 24 








Three-span symmetrical continuous beam, freely supported (Fig. 25) 


Sliffne 88e8 


oo 
+ 0/3) X 1 = 1.0 
1 


(3) rer = = ().429 (7) rst = — = ().429 
1 + 1.33 1 + 1.33 


0.429 0.429 
(4) Su =(1+—— ) x1 = 1.143 (8) Sor = { 1 + —— ) = 1.143 
‘ o 


Restraints 









Rir = 


Ror 


1.143 7 1.143 
- = 0.533 Rot = = (0.533 
1.143 + 1 1.143 + 1 


Moment computations (see Table 1) 


Span LZ, loaded: 


~M, = Mrz = 4/9 X wi?/8 = wi?/18 —_ ae 


gi 





A 


WU 
oc 


































The supports offer no restraint and moments are carried across in their full amount. 
































Fig. 25 


K, = 0 K; = “Ry X Kz 
1.143 : Ks = 4% X \& X 0.533 = 0.133 
= — = 0.533 ; 
1.143 + 1 K, = 0 
LL=/.0 Yer 0.4L =10 er 

LLILIIII II TITITITITITITTIIITIIITITIITIITIliit LTT Ti iy} 
] © ] © © 

a / \4/43 1/43\/ 

_ 0.533 |0.50 0.50 | 0.533 
ee ——$ 15,20" +——/3 20 ——+] 
/ 2 J 4 



























Span L, loaded, equal end restraints: 


l 
K, = 0 K:=K:=7 1; 
Span L; loaded: 
K, = 0 
ae ee. a 


1.1438 + 1.0 


= 0.400 


SIMPLE MOMENTS AND MOMENT DESIGN 


K, 


kK, 


K, 


0 


Three-span frame, fixed end columns; all spans, loads, and inertias varying 


(Fig. 26) 
Stiffnesses—All columns assumed fixed at far ends. S = 11g x I/L 
648 + 761 1 54 Se, = (1 0.54/3) & 900 = 1060 
, = = 0.5 
* 648 + 761 + (114 Xx 900 
‘ 155 + 556 + 1060 = 0.82 Sse = (1 0.87/3) &* 444 = 573 
155 +556 + 1060+(114 <341) 
889 + 573 1020 
' = n 9/2) xX 3 = 433 ? a = 0.85 
Bag (Eee Ss) SEE = SS 889 +573 + 1020+(115 X341) 
889 + 433 + 1020 
= = U.SU So; = (] 0.85 /3) 341 = 436 
889 +453 + 1020 +(114 «444 
, - _ 55 36 + 556 
ouL = (1 + OU.S0/3) 144 = 564 ror _ 159 136 add = (55 
155 + 436+ 556+(1!4 « 900 
1960 + 2090 
= = ().87 
1960 + 2090 + (114 & 444) Sir = (1 0.55/3) & 900 = 1060 
Re straints 
648 + 761 889 573 1020 
Rir = = ().61 Rs. = = (0.88 
648 + 761 900 889 573 1020 341 
155 + 436 + 556 SSU 433 1020 
Ror = = 0.62 R:r = = ().84 
155 136 556 900 S89 133 1020 $44 
155 + 1060 + 556 1960 + 2090 
Rs; = ().86 Ry = = (0.90 
155 1060 + 556 + 341 L960 2090 $44 
TABLE 1—SUPPORT MOMENTS FOR FIG. 25 
MV, M 
Span fo VW M, 
loaded ft-kips K VM K Vv 
LL = 50 26.7 6.7 
L, 0.533 0.133 
DL = 50 26.7 6.7 
LL = 50 20.0 20.0 
Le 0.400 0.400 
DL = 50 20.0 20.0 
LL = 50 +6.7 26.7 
L 0.133 0.533 
DL = 50 6.7 26.7 


Maximum 
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Distribution of moments across supports 


573 + 889 + 1020 


Moment computations (see Table 2) 


Span L, loaded: 






+Kor = “4Ror Kast = % X 0.86 X 0.108 = 0.0465 
+Kor. = Kir X 0.51 = 0.0237 
—Kir = “Riz Kat = % X 0.61 X 0.0237 = 0.0072 








d ’ 436 . ; 

Ker to Kor = ———— = 0.30 Kor to Kaz 
136 + 455 + 556 

Ei : 573 J . 

Ks, to Ksr = = 0.23 K3zr to Kar = 


fla @ G@® 1D GD) 
. 648 Ss 455 682 /9GO 
x LL: 2000 
LL:/500 DL«/700 DL*/000 | 114/200 DL=/800 
{- TITITITITITILILILLLLIE EE oot 
/0GO 1060} ee on 564] 
" 
we Ni 
ee 
t_| aes S3E | _|2020 2020 | 
|» 1.239’ >} 5 /2->} 124. > 
/ 2 5 4 
Fig. 26 


1060 
= ——— = 0.51 
1060 + 455 + 556 
133 
= 0.19 


433 + 889 + 1020 


Riz = 0.61; Rs, = 0.62; from chart: —Kir = 0.47; —Ko, = 0.48 
—Kor = Kor X 0.30 = 0.144 
+Ks, = “4Rst Kor = % X 0.88 X 0.144 = 0.0634 
+Ksr = Ks, X 0.23 = 0.0146 
—Kar = “Rut Kae = % X 0.90 X 0.0146 = 0.0066 
Span L, loaded: 
Rep = 0.86; Rs = 0.88; from chart: —Kor = 0.59; —K3, = 0.62 
—Kor = Ker X 0.51 = 0.301 
+Kir = % Riz Kot = % X 0.61 X 0.301 = 0.092 
—Kar = Kart X 0.23 = 0.143 
+Kyy = WR Kar = 4 x 0.90 x 0.143 = 0.064 
Span L; loaded: 
Rsrp = 0.84; Rat = 0.90; from chart: —K3zr = 0.57: —Ky, = 0.65 
—Ksr = Ksr x 0.19 = 0.108 
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TABLE 3—APPROXIMATE SOLUTION FOR FIG. 26 


R 0.61 0.62 0.87 0.88 84 0.90 
K (from chart 0.47 0.48 0.60 0.62 57 0.65 
Joint, percent 0.55 0.19 

LL 
Mes 

DL 

LL 5 —81.0 

DL 


LL 


Maximum 


APPROXIMATIONS 


In the preceding example (Fig. 26), the stiffnesses were found by an exact 
method after the approximate assumption was made that the far ends of the 
columns were fixed. It can be seen from the definitions of r and R that full 
fixity can be approached but not reached in ordinary framing. 

An approximate solution for the example in Fig. 26 can be made as follows 
(Table 3): 

Since the far ends of the columns are assumed as fixed, it can also be as- 
sumed that the far ends of the beams, when restraining a loaded span, are 
fixed. Then S = 11/3 X J/L for all members. 

There is no necessity of going to extremes to determine the exact end re- 
straints of the beams and columns which restrain the ends of a loaded span. 
These may be assumed either as hinged, fixed, or some reasonable value be- 
tween these extremes with negligible resulting error in the end moments found 
for the loaded span. Ratios of the J/L values of the restraining members to 
the total 7/L value of the members meeting at the joint would ordinarily 
suffice. 


REFERENCE 
1. Singleton, Jack, Manual of Moment Design, H. M. Ives & Sons. 
For such discussion of this paper as may develop please see Part 2, 


December 1956 Journat. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 
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A Contractor’s Look at Concrete Building 


By M. R. MONTGOMERY * 


conscientious contractor, at 
that 
building 


Almost every 


one time or another, has felt certain 


items in specifications for work 
could be improved. 

As a general contractor, I examine and 
evaluate building plans and_ specifications 
from many architects, engineers, and govern- 
I build under their direction 


and especially under the direction of many 


ment agencies. 


a job inspector whose sole duty apparently 
is to carry out the intent of the specifications 
as written. I have no quarrel with the in- 
spector that knows his business and has a 
latitude to make decisions. A 
good inspector is a valuable asset to any job. 


reasonable 


Far too many, though, are bound by a 
multitude of detailed specifications and lack 
the experience to balance these details with 
job conditions. In this connection the AC/ 
Vanual of Concrete Inspection is excellent, 
but unfortunately far too many architects 
and engineers use it only as an office reference. 

The major agencies in charge of building 
highways, airfields, major dams, and water- 
ways have the facilities for design and con- 
trol of concrete and have need for specific 
qualities. Further, these agencies not only 
design and control their concrete but also 
accept the responsibility for the final result. 
However, the building industry in general 
makes use of either ready-mixed concrete, 


mixes “ready proportioned’”’ batches from 


_A part of copyrighted JouRNAL Or THE AMERICAN Concrete INstITUTE, V. 27, No. 3, Nov 
V. 52. Separate prints of the entire Concrete Briefs section are available at 35 cents each. 


MeNichols Rd., Detroit 19, Mich. 


recognized concrete aggregates, or in a few 
isolated cases actually proportions and mixes 
native materials. 

I have talked to numerous contractors and 
producers ol ready-mixed concrete and while 
ideas for 


all have particular improvement 


of specifications and also particular griev- 


ances, in general they can be reduced to 
three or four major items: 
E.. Poorly 


and antiquated mix 


thought out, loosely written, 
proportioning 
cations We are still 


proportioning 


specifi- 
getting volumetric 
specifications, involving as 
much as 10,000 cu yd of concrete in a rein- 


These 


interpreted to require a 


forced concrete building specifica= 


tions often can be 


minimum of anywhere from 6 to 714 sacks 
of cement per cu yd despite the usual nota- 
tion that 3000-lb concrete is required 

2. Multiple mix proportions turned out 
often by the same laboratory or designed to 
produce the same end result and yet forcing 


handle 


mixes during the same period. 


the mixing plant to innumerable 


3. Long and detailed specifications re- 


garding the method of concreting by which 
each step of the placing of the concrete is 


described. 


Proportioning specifications 
It seems to me that 
the fact 


we should recognize 


that any commercial producer of 


1955, Proceedings 
Address 18263 W. 


*Member American Concrete Institute, General Contractor, E] Cajon, Calif 
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concrete in quantities has a great stake in 
getting out good concrete. He 
should know his material from years of past 
experience. 


workable 


He knows what is happening 
every day and can make minor adjustments 
to take care of the day-to-day variations in 
coarse aggregate 
modulus in the sand. 


gradation and fineness 

Specifications often go into long detail 
about the proportioning of the mix and once 
a mix has been approved for the individual 
job, the transit-mix company and the con- 
tractor have to live with it no matter how 
tough it is to handle and place—and yet the 
only test made on 99 out of 100 building 
By the 
same token, having a mix for each job and 
each contract, the plant has to turn out as 
many as ten different mixes or batches for 
the same strength and all from the same 
aggregates stockpile. 


jobs is a compressive strength test. 


with a 
ready-mixed concrete producer, he told me 
that with completion of the two latest addi- 
tions to his concrete plant he would be able 


In discussing this second point 


to blend five sizes of coarse aggregate and 
two sizes of sand. This is a wonderful situa- 
tion except that the cost of that plant and the 
additional labor required to handle it has to 
go on to the unit price of concrete, and the 
man who is perfectly happy to have good 
solid concrete of a specific strength has to 
pay the bill. 

The building industry in general accepts 
the fact that certain structures require 
special treatment of all phases of the manu- 
facture and placing of concrete, but too 
often these special conditions carry over into 
normal commercial construction. Impervious- 
ness, resistance to alkali, sulfates, and freez- 
ing and thawing all have their place, but 
from a building standpoint under normal 
conditions these factors are entirely relative. 
How many ordinary structures built of even 
below average concrete have deteriorated to 
a point of uselessness compared to the vast 
number abandoned every year for obsoles- 
cence? If we are building a monument 
which is expected to have the permanence 
of granite, let’s face the fact of cost of cut 
granite jacing and spend the same kind of 
money to obtain the ultimate in concrete 
quality. But if we are building a commercial 
building in competition with other materials 
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such as local brick or block, let’s also face th 
comparative price and make use of local 
materials and normal workmanship and giv: 
the owner value for his money. 

I believe that more often than not wher 
we get an occasional batch of concrete that 
doesn’t test up, it is due to getting a batch 
intended for some other job rather than any 
failure on the part of the manufacturer to 
produce the quality required. 

In the operation of a large commercial 
batch plant, one cannot help but marvel at 
the minimum number of mistakes made when 
you consider the multiple mixes which th: 
operator must not only set up and propor- 
tion but must actually be sure they get into 
the right truck scheduled to go to the right 
job. Often he changes mixes for only a minor 
change of 1% percent and yet the inspector 
will be insistent that he make this change 
Recently one of our producers during one 
batching 2000-lb 
Each 
a slightly different mix and all 


morning’s operation was 
concrete to four different school jobs. 
batch 
had been designed by the same laboratory 
for the 
actual 


was 


ahead of the 
had 


modified in no way for changed conditions 


same owner months 


construction period and been 


of the stockpile materials. They were in- 
tended to produce identical mixes with th 
same strength, same use, same slump, and 
resulted entirely from variations in the 
sampling and proportioning techniques in the 
laboratory and the day-to-day minor varia- 


tions in the aggregate source itself. 


Placing specifications 


The third major item is the various plac 
One note which affects th« 
contractor most seriously is the specification 


ing specifications. 


that concrete shall not be dropped more than 
a specified distance varying from 3 to 6 or 
7 ft. The term 
many different manners, but is usually in- 
terpreted to mean that it must be confined t 
Some feel that 
concrete striking on the steel reinforcement 


“dropped” is described in 


an elephant trunk or tremie. 


has a tendency to segregate the materials 
which is true provided that level placement 
is not maintained. This segregation is 
aggravated by the tendency to 
handling of tremies by placing the maximu! 
amount possible through a 


Save 0O 


tremie befor 


moving it, thus creating a sloping pile whic! 
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must be blended into the next pile by the 


vibrators. Others say that the tremie keeps 
the steel and forms clean. This has some 
merit except that in actual practice it is not 
practical to keep the spouts at the surface 
of the concrete. Usually in multistory work, 
where it is possible to get spouts or tremies 
in the wall, they are placed with the bottom 
at the maximum allowable distance from the 
last construction joint and left in place until 
the concrete reaches the bottom, then re- 
moved entirely. 

tremies to fit all 
contractor 


To provide spouts or 


conditions, the needs numerous 
sizes, lengths, and shapes and his investment 
is obviously high. Often he cuts down the 
number by placing them to permit the maxi- 
mum amount of concrete placing from each 
spout and normally will not have enough to 
There- 


lore, the dangerous tendency will be to trans- 


get completely around the building. 


port concrete with vibrators and carry high 
lifts with the greater possibility of segrega- 
tion and cold joints. Reinforcing, form ties, 
and conduits in the walls usually require 
small spouts which in turn require high slump 
concrete, whereas a well graduated mix with 
a 4in. slump can usually be evenly dis- 
tributed directly from the top of the wall 
from either buggies or bottom drop buckets 

With particularly rigid 
frame and even flat slab work, it is normally 


modern design, 
impossible to get spouts into the walls and 
columns so we go to the so-called windows 
which are cut in the face of the wall forms and 
used to introduce concrete from a chute. 
When the concrete reaches the level of the 
opening, the chute is removed and the open- 
ing closed. One major government concrete 
building work 
maximum drop shall be 3 ft and the maximum 
2 ft. 


advantages 


specification for says the 


side movement Though undoubtedly 


certain would be obtained by 
with 
restrictions, I believe they should be evalu- 


ated against some of the disadvantages. 


strict compliance the above placing 


Ignoring the expenses connected with 
cutting windows, replacing them, arranging 
chutes to lead into the window, and removy- 
ing same (conservatively estimated at $5 per 
cu vd of concrete), let’s see what our results 
are. On exposed concrete every effort is 
made to use good form lumber and to arrange 


the paneling to produce symmetrical pat- 


terns and leave a pleasing surface. 


During 
concreting the edges of the lumber around 
the opening get splintered and ground off. 
The carpente! comes along and replaces the 


windows. He is hurried and working under a 
constant dripping of water and concrete bits 
and cannot see the back part of his work. So 
even under the best possible conditions, the 
pattern of the window is preserved for pos- 


terity, and under the 


worst conditions he 
pushes the window in too far, fails to nail it 
properly, or makes some other mistake which 
never can be properly repaired. 

So much for the looks of the job Let’s 
see about the quality. Ordinarily, staging, 
walers, bracing, and other conditions above 
make it 


necessary to small, flat 


chute at each opening, then feed these chutes 


place a 


from a rubber elephant trunk fastened to the 


bottom of a concrete bucket or supported 


on staging at the buggy level—using a high- 


slump mix. If there is any sure way to 


produce segregation, it is to dribble wet con- 
crete into the side of a 


form letting the 


“soup” run down near the face and the rock 
rolling with greater velocity, jumping over 
to the far face. 

Another 
for 1 or 2 in. of 


item in most specifications calls 
grout 
scrubbed into the surface of the construction 


to be thoroughly 


joint just prior to concreting. 
To my knowledge no system has yet been 
that will 


bottom of an §8-in. 


invented scrub grout into the 
reinforced concrete wall 
There- 


fore, the only advantage of grout is to pro- 


reaching down through 10 ft of forms 


vide a cushion for the newly placed concrete 
What usually happens is that the first batch 
of concrete from the plant is grout and is 
dropped into the forms splattering everything 
in sight and quite frequently 


leakage It 


ahead of the concreting as to set up. 


largely lost 


through may also get so far 


A system used by most contractors when 
they are given reasonable leeway is to leave a 
portion of coarse aggregate out of the first 
lift, the proportion omitted depending on in- 
dividual with the 
aggregates and mix involved 


experiences particular 


Setting, or more properly, settling time of 
columns and walls is another variably speci- 
fied item. 
1 to 4 hr. 


and hand puddle sticks, we 


Specifications read anywhere from 
In the old days of soupy concrete 


used to get a 
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major settlement of concrete on high walls 


and columns. <A_ vertical section placed 
with a dense mix and reasonably low slump 
will probably have such minimum settlement 
as distinguished from shrinkage, particularly 
where it has required 3 or 4 hr to reach the 
top, that settlement in the shoring system 
this 


slight change in dimension and increase in- 


will approximately compensate for 
surance against the possible crack due to 
settlement. However, stopping concreting 
gives a cold joint, often with laitance on the 
top surface which is in such a position as to 
be almost impossible to clean off. 

Which is the lesser of two evils—a possible 
cold joint that has no keys, is irregular, looks 
terrible on a finished wall, and has never even 
had an attempt made to clean the laitance 
and brush the steel, or take a long chance on 
a settlement crack which is at least clean and 
and solid concrete. 


Conclusion 

In conclusion, one small voice is asking: 
Why can’t we get away from all this ““mumbo 
jumbo” and simply specify for normal build- 
ing activities the following: 

1. Compressive strength 


2. Aggregates from a proven source 


3. Conerete produced by, or equal to, 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


November 1955 


and 
in a manner to produce uniform 
quality on completion, leaving details of how 
this is accomplished to the contractor 


recognized commercial concrete plant 
placed 


EDITOR'S COMMENTS 

We Mr. 
comments on specifications and construction 
Admittedly, some of his 
cisms are controversial in nature. 


welcome Montgomery’s critical 


practices. criti- 
In refer- 
ence to some of them we submit the following: 

1. In reference to ready-mixed concrete 
production, some plant operators are not 
qualified to ‘make minor adjustments’ and 
still 
Uniformity is not so easily accomplished as 


produce a uniform, reliable quality 


Mr. Montgomery implies. Few ready-mixed 
concrete customers would like to be held re- 
sponsible for such uniformity, and it is un- 
likely that those responsible for delivering 
to the owner a structure acceptable to him 
would feel easy in delegating this authority. 

2. Specifications according to “conclusion 
3”’ would probably result in many rejections 
of finished work as the designer’s only control 
of “uniform quality on completion.’’ Many 
contractors would prefer some inspection and 
technical guidance during the job rather than 
the necessity of removing and replacing de- 
fective completed work. 


Cements and Calcium Chloride and Cold Weather 
By E. L. HOWARD* 


There are always a few problems with 
concrete placed in winter months, and one 
of the major problems is finishing of slabs. 
Last winter most of the contractors in our 
area asked for calcium chloride, believing a 
faster set would alleviate many of the finish- 
ing problems on slabs. 

Complaints from contractors were the busi- 
ness of most cold days. In each case the man 
on the job said that the finishing of the slab 
was long delayed. He claimed that, in some 
cases, finishers could not get on the slab un- 
til the day after it was placed, and that when 
the surface was dry enough to finish the con- 
crete had stiffened to make the job even more 
difficult. 

The jobs that gave trouble had weather 
and admixture in common. The weather was 


generally cold and damp (below 45 F and 
about 70 percent relative humidity). The ad- 
mixture was calcium chloride or one contain- 
ing it. Our hope was to find some means to 
measure the qualities of concrete related to 
the cold weather finishing problem. 

Samples of four dark and one light cement 
were taken from bulk deliveries at yards 
whose concrete had been in question. Con- 
crete, made with commercial sand and gravel 
and each of these five brands of cement, was 
proportioned as a 5-sack mix. Small batches 
were mixed in a laboratory mixer. Several 
exploratory tests were made with slabs and 
cylinders cured cold. Finally, we used an 
adaptation of the standard mortar flow test, 
using cone-shaped paper cups with hard plas- 
tic holders for rigidity. 


*Member American Concrete Institute, Testing Engineer, Pacific Coast Aggregate, Inc., San Francisco, Calif 
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TABLE 1—COMPARATIVE FLOW (PER- 

CENT)OF MORTARS MADE WITH SEV- 

ERAL CEMENTS, CURED AT 45 AND 
70F 


45 F cured mortars 


Curing time, hr . 3 


Brand C 
Brand N 
Brand E 
Brand O 
Brand A 


70 F cured mortars 


Brand C 39 30 
Brand N 52 46) 
Brand EF 50 46 
Brand O 41 27 
Brand A 61 30 


From each batch, cylinders were molded 
for 28-day compression tests, and the balance 
of concrete was screened over a 14-in. sieve. 
The minus 44-in. mortar was tested for flow. 
Eight cups for the hourly flow tests were 
made and stored at 70 F with 50 percent 
relative humidity and at 45 F with 75 percent 
relative humidity. 

At intervals of 1 hr these specimens were 
tested for bleeding and flow. Enough cups 
were prepared that a specimen was tested 
only once and no remolding was done. Im- 
mediately before the flow test, the free water 
of bleeding was poured into a graduate. 


This water was reported as percent bleeding 


by weight of total water. The total water 
was identical for each batch. 

Tables 1, 2, and 3 show the percent bleeding 
and the flow of the mortar specimens at times 
up to 6 hr. Each concrete batch is identified 
by the brand of cement used. 


379 


TABLE 2—COMPARATIVE FLOW (PER- 

CENT) OF MORTARS MADE WITH SEV- 

ERAL CEMENTS AND 2 PERCENT 
CaCl., CURED AT 45 AND 70F 


45 F cured mortars 


> 


Curing time, hr 2 3 


Brand C 57 32 
Brand N 46 16 
Brand E 71 50 
Brand O 65 48 
Brand A 70 16 


70 F cured mortars 


Brand C 
Brand N 
Brand E 
Brand O 
Brand A 


Common to all batches was the increased 
bleeding with the use of calcium chloride 
Excessive bleeding in the case of brand C and 
brand N caused a reduction of flow. As the 
bleeding lessened, the rate of stiffening tended 
to decrease. 

The flow of 45 F mortars was greater than 
the 70 F mortar (except brand C). Use of 
calcium chloride increased the difference 
Calcium chloride gave no improvement in 
stiffening to these cold mortars as measured 
by flow. 

The tests confirmed field experience con- 
cerning the variances in brands of cement 
On one hand, brand C stiffened more slowly 
and bled more when CaCl, was used. At the 
other extreme, the rate of stiffening of brand 
A increased with the use of CaCl, and bleed- 
ing increased. Each brand was affected dif- 
ferently by the admixture. At 70 F, brand N, 
brand E, and brand O stiffened more rapidly 


TABLE 3—COMPARATIVE PERCENTAGES OF BLEEDING—MORTARS MADE 
WITH SEVERAL CEMENTS WITH AND WITHOUT CaCl., CURED AT 45 AND 70F 


Brand C Brand N 


Curing time, hr 


Admix None Admix None 


Admix 


Brand E Brand O Brand A 


None Admix None Admix None 


45 F cured mortars 


* cured mortars 
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with calcium chloride in the mix. At 45 F, 
stiffening was slowed by addition of CaCl, 
and bleeding increased. 

These studies indicate that calcium chloride 
admixtures do aggravate the finisher’s prob- 
lems. On most jobs a “jitterbug,” or other 
means, is used to bring mortar to the slab 
surface to make finishing easier. The ad- 
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mixture does not increase the stiffening rate 
of this mortar in cold weather to any signifi- 
cant degree. Certainly, the increased bleed- 
ing interferes with the finishing operation 
Also, from these data the best cement for 
cold weather concrete would be difficult to 


choose. 


Welding of Continuity Splices 


A question by |. F. MORRISON* 


In reference to the tentative design criteria 
for tension splices in reinforced concrete by 
J. E. Martin in the May 1955 ACI JourNaL 
(Proc. V. 51) p. 939, and under the heading 
welded splices, it is not quite clear what is 
intended for butt welds. It is stated that: 
“Butt welds may be employed using full weld 
stress and with proper end preparation prior 
to welding.”’ Just what is the full weld stress? 
It would seem that for design a value in terms 
of percentage of allowable stress would be 
more appropriate. 

In connection with the Mewata Bridge, 
Calgary, Alberta, Canada, the large reinfore- 
ing bars were butt welded. A limited testing 
program was carried out to ascertain what 
percentage of the ultimate strength of the bar 
could be counted upon under field welding 
conditions. In all, seventeen #11 bars were 
broken. Eight bars were welded with AWS- 
E6010 welding rod (3/16 in. reversible) and 
some of these bars had a single V-joint. 
Others were cut square. There was a small 


steel backup strip on the underside and the 
welds were all down-hand, oneside, and car- 
ried out under field conditions. The other 
similar bars were welded with AWS-E7010 
rod. 

It was found that the end preparation had 
no effect on the ultimate strength. Nearly all 
of the breaks were through the weld metal. 
These were square across, showing no duc- 
tibility. Annealing showed no advantage. 

Due to the fact that some bars had a small 
kink at the end, making field alignment dif- 
ficult, it was finally decided to cut the bars 
square by torch. The torch-cut welds were 
as good as the others in the tests. It was 
finally concluded that the allowable tensile 
stress for the welded bars should be taken at 
80 percent of the allowable design value. The 
AWS-E7010 electrodes were used on the job. 

There was not much difference in cost 
between the welded and the lapped joints, 
but if anything the welded joints were slightly) 
cheaper. 


An answer by ROY C. VAN ORDENt 


Professor Morrison’s question concerns sec- 
tion II(b) of our ‘Tentative Design Criteria 
for Tension Splices in Reinforced Concrete.”’ 
Here it is stated that: “Butt welds may be 
employed using full weld stress and with 
proper end preparation prior to welding.” 
It would have been clearer if it had been 
stated: “ using full allowable weld 
stress ....’’ We believe this to be proper 
practice if such field splices were made with 


continuous inspection by a registered deputy 
building inspector, which is a building code 
requirement in this area. If no special in- 
spection were employed, the design stress 
should not exceed 50 percent of the allowable 
value. However, there seems to be no ad- 
vantage for such procedure for butt welding 
of this type at the spiice would size the rein- 
forcing bar. 


*Professor Emeritus of Applied Mechanics, Department of Civil and Municipal Engineering, University of 


Alberta, Edmonton, Alberta, Canada. 


tAssistant Chief Structural Engineer, Albert C. Martin and Associates, Architects and Engineers, Los Angeles 


Calif. 
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In regard to the test data submitted for 
Mewata Bridge, it is our opinion that im- 
proved results could be obtained if the rec- 
ommended AWS-E7016 electrode was used. 
This being a low hydrogen electrode, it does 
not produce a brittle weld as was evidenced 
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in the reported tests. We would also recom- 
mend a double V-joint end preparation prior 
to butt welding. Reference should be made 
to the third paragraph of our “Discussion’’ 
(ACI JournNaL, May 1955, Proc. V. 51, p. 941) 
for additional factors. 





Protlems and Practices 





A series relating to ‘‘down-to-earth, every- 
day’’ concrete problems which attempts to give 
brief answers to the more common (and some- 
times uncommon, too) questions asked about 
concrete design and construction practices. 

To some, the answers will seem simple and 
obvious; others may prove to be extremely 
controversial. 

All ACI members are invited to participate 

either by submitting an 
better, by telling JouRNAL readers how an in- 


triguing problem was solved. 


inquiry, or even 


It may well be 
that readers will be able to suggest more prac- 
tical solutions to inquiries than those presented. 

Q. What are the 
support for an upturned beam in the ACI 
Building Code? Does a roof slab flush with the 
lower flange satisfy these requirements? Ob- 
viously as the depth of such a beam is increased, 


requirements of lateral 


the required web thickness and cross-sectional 
area of the top flange are decreased. 

A. Although the intent of Section 704 of 
ACI 318-51 is not explained in detail, and 
perhaps is capable of being interpreted in 
various ways, lateral support must be supplied 
to the compression flange. The purpose of 
requiring lateral support for any compression 
member is to prevent buckling. The well- 
known Euler formula for buckling is based 
upon the length between hinges or points in 
the compression member at which the buck- 
ling moment is zero for the particular mode of 
buckling considered. For the turned up roof 
beam it is obvious that the only connection 
to the compression (top) flange is through a 
web. As stated, it is obvious that the greater 
the depth-to-span ratio, the thinner the web 
may be and the narrower the top flange may 
be. 

This is precisely the sort of application 
covered by Section 704. The width of the 


top flange should be no less than 1/32 the 
lateral sup- 
a practical matter these inter- 


between intermediate 


ports. As 


distance 


mediate lateral supports may most easily be 
provided by triangular shaped, reinforced 
concrete buttresses, connecting the top flange 
to the roof slab. Reinforcement placed in 
the leading edge of these triangular buttresses 
will permit them to act as either tension or 
compression members to restrain the buckling. 
For excessively thin webs, such stiffeners 
will also act in an analogous manner to the 
That is, 
for extremely deep concrete beams with a 


web stiffeners on a steel plate girder. 


thin web and a widened top flange, the use of 
such stiffeners will permit the use of a web 
thinner than would ordinarily be required. 
This consideration would only have practical 
application in the case of long, deep pre- 
stressed girders. Prestressed roof girders 
so slender that temporary horizontal stiffen- 
ers were required have been used successfully. 
A light steel horizontal truss was part of the 
erection equipment. Permanent lateral brac- 
ing can always be supplied by the roof 
system. 
+. * . + 


Q. Thin-shell reinforced concrete roofs and 


folded plate roofs are often considered as solu- 


tions for large span structures. Are they 


ACI Building Code? How 


are the arbitrary limits on depth-span ratios 


regulated by the 


reconciled? 

A. Both thin-shell and folded plate con- 
structions are acceptable under codes based 
on ACI 318-51 as “special systems of rein- 


forced concrete’ (Section 103). The depth 


span limits mentioned are intended to apply 


For thickness of 
shells, 


to design of plane slabs. 


curved slabs, as in limitations on 
stresses based upon a factor of safety against 


buckling will replace the depth/span limits. 
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The factor of safety used will be determined 
by the building officials. Folded plate roof 
slabs should conform to depth/span limits 
transversely. Longitudinal depth-span ratios 
do not apply to the shell or plate thickness 
but to the over-all depth of a shell or folded 
plate unit. The limits on slab depth-span 
ratios are meaningless here since large depths 
are used to reduce reinforcement and com- 
pressive areas required. Special requirements 
for camber generally make ordinary deflection 
limits meaningless. All other Code provisions 
may be applied, 7.e., allowable stresses, bar 
spacings, construction requirements, testing, 
and others. 
* 7 » * 

Q. What distinguishes a flat slab from a 
two-way slab? When is the modern ‘two-way 
slab band” floor a flat slab and when is it a 
two-way slab under the ACI Building Code? 
What about two-way joist floors of uniform 
depth? 

A. A flat slab is capable of transferring its 
loads directly to point supports (columns), 
while a two-way slab must have line supports 
(beams, bearing walls, or girders). A flat 
slab may utilize for partial support, beams, 
girders, or bearing walls, particularly at dis- 
continuous edges. Most slab-band construc- 
tion is designed as two-way slabs. Most two- 
way cellular joist (waffle) construction of 
uniform depth is designed as flat slabs. When 
the beams in two-way slab-band construction 
become one-half panel or more in width and 
less than one and one-half times the slab 
thickness, the provisions of ACI 318-51 for 
flat slabs may be used. 

* * * + 

Q. Why is the maximum limit on shear 
in beams with no web reinforcement different 
than that for wall footings? (See Table 305(a) 
and Sections 808 and 1205(a) in the ACI 
Building Code.) Such a wall footing seems to 
be a cantilever slab reinforced in one direction 
and the same limits should apply whether up- 
side down or not. 

A. It is obviously impossible to prescribe 
individual limits for all possible conditions 
in a brief table. Table 305(a), ACI 318-51, 
merely separates footings in general, beams, 
and flat slabs. Chapter 8 regulates shear in 
general for all flexural members except for 
those special structural forms such as flat 
slabs and isolated footings. The stress dis- 
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tribution varies in two directions in these 
special cases. Section 1205(a) locates the 
critical section for shear in a wall footing. 
Although it would require expansion of 
Table 305(a), perhaps it would be more con- 
sistent to subdivide footings prescribing the 
same limit on shear for wall footings as for 
flexural members in general. An interesting 
extension of this question is: ,What maximum 
limit should apply to mat footings designed 
as flat slabs with no diagonal tension rein- 
forcement, and what amount of additional 
shear should be allowed on a flat slab foot- 
ing with shear reinforcement? The usual in- 
terpretation of ACI 318-51 is that the limit- 
ing maximum value in Table 305(a) on 
footings applies to isolated column footings 
only, and wall footings and flat-slab mat 
footings are included in the limits on both 
v and v, for beams. Incidentally, there is no 
specific provision for shear carried by rein- 
forcement in flat slabs (see Section 807). 
+ * . . 

Q. Can one design a floor or roof of precast 
units to act integrally with a cast-in-place top- 
ping or slab under the ACI Building Code? What 
is the proper allowance for bond between the pre- 
cast concrete and the casl-in-place material? 


A. ACI 318-51 does not provide an 
allowable bond stress for composite construc- 
tion consisting of precast and cast-in-place 
concrete. Under Section 103, “Special sys- 
tems of reinforced concrete,’’ any design not 
covered by the Code may be used provided 
that “data on which the design is based’’ is 
accepted as adequate justification by the 
building official. One such composite design 
generally accepted is the precast: cast-in- 
place top slab designed as T-beams. Data 
justifying this design can be found in the ACI 
standard “Minimum Standard Requirements 
for Precast Concrete Floor Units (ACI 711- 
53)’ and “How to Design and Build Precast 
Joist Concrete Floors’? by the Portland Ce- 
ment Assn. The bond between joist and slab, 
resisting longitudinal shear, permitted by 
ACI 711-53 is equal to the allowable shear 
stress in the concrete topping. No official 
recommendations of ACI are available to 
justify composite design for precast units 
which form a complete surface for bonding to 
a topping. The use of such units in com- 
posite designs is increasing, however, and the 
manufacturers are often able to supply test 
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data adequate to justify acceptance of com- 
posite design. The inspection of construction 
must be sufficient to insure that good practice 
for developing bond is not neglected. The 
more conservative approach is to use shear 
keys, shear reinforcement, or a combination 
of both to develop the composite action. 
Any bond This 
approach conforms entirely to ACI 318-51. 


* * * * 


developed is neglected. 


Q. Several examples of temperature and/or 
shrinkage cracking have been observed in struc- 
with the ACI 


Similar structures with larger 


tures reinforced in accordance 
Building Code. 
amounts of temperature steel showed no notice- 
able cracks. Is the te moperature steel require- 
ment set loo low? 

A. Section 707 of ACI 318-51 specifically 
requires minimum amounts of shrinkage and 
temperature reinforcement. The code is in- 
tended as a guide for structural engineers and 
minimum standards of 

Any requirement 
should be 


to insure uniform 


safety and appearance. 


designated “minimum” exceeded 
where necessary in the judgment of the engi- 
neer. Most engineers consider it advisable 
to provide proportionately. more than mini- 
mum temperature and shrinkage steel for 
extreme exposure conditions, liquid retention 
purposes, lightweight aggregate concrete, or 
for members in which the spacing of shrink- 


age relief (control) joints exceeds 30 ft. It is 


also usually advisable to provide additional 


shrinkage and temperature reinforcement or 
joints at weakened sections (openings, etc.) 
and at points of stress concentration such as 
changes in section of a member. 
* 7 + + 

Q. The requirements for a 90-deq hook in 
the ACI Building Code (ACI 318-51) and the 
Manual of Standard Practice for Detailing 
Reinforced Concrete Structures (ACI 315- 
51) differ. Which version should be followed? 

A. The apparent discrepancy in require- 
ments for a 90-deg hook between the ACI 
Building Code and the ‘Detailing Manual” 
The Building 
Code prescribes the minimum requirements 


has been noted repeatedly. 


for a 90-deg hook so as to develop a stress of 
10,000 psi in the bar. The Detailing Manual 
pictures the minimum hook which a fabrica- 
The best 
the question is the following statement by 
the chairman of ACI Committee 315: 


tor can make readily. answer to 


for a proposed parking deck. 


“If an engineer is designing under a code 
which ACI 318-51 and if he 
proposes to depend upon a hook as anchorage 


is based upon 
to develop 10,000 psi in the bar, he has no 
choice but to provide a hook which meets the 
ACI Building Code Section 906(a)2, if he 
wishes a 90-deg anchorage. However, if 
the hook is not being required to develop 
10,000 psi in the bar 


(full stress in a 


as for example, if the 
bar could be developed com- 
pletely by straight embedment (by bond) 
then he may omit the hook or use any kind 
of a hook that he thought suitable and the 
Detailing Manual gives the minimum hook 
which a fabricator can readily make.’’ 

This answer shows clearly that it was not 
the intent of ACI Committee 315 to regulate 
The 90-deg hook with 
the four-diameter extension was shown in the 


design requirements 


Detailing Manual because most reinforcing 
steel they had 
demand for any longer extension. Apparently, 


fabricators said almost no 
most design engineers prefer to use the semi- 
circular hook when a full hooked anchorage is 
required. 


* * ‘ + 


Q A trianqular panel layout is desirable 
Can beams and 
drop panels be eliminated and a flat slab design 


be used under the 1c] Buildina Code ? 


A. No specific provisions for three-way 
ACI Building Code 
a design is not covered by the 


flat slabs are in the 
Since such 
Code elsewhere, its acceptance depends upon 
Section 103 which provides that data upon 
which the design is based must be furnished 
to the building official. The 
flict with requirements in Chapter 10 occurs 


principal con- 
in selecting the thickness. For a three-way 
slab the 
moment, 


thickness is determined by shear, 
deflection 


Designs which conform to Code pro- 


and (estimated limita- 
tions. 
visions for allowable stress and (estimated) 
deflection usually are 
103. 


have been in successful use and test load de- 


accepted under Sec- 
tion Such structures, though unusual, 
flection records are available to justify esti- 
deflection 


is necessary 


mates of Elastic frame analysis 


since convenient moment co- 


efficients are not available. In one such 


accepted design recently constructed, the 


theoretical moments were reduced for tensile 


reinforcement (to allow for tension in the 


concrete) in proportion to the reduction 
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allowed in ACI 318-51 (on M,) for square or 
rectangular slabs. Shear reinforcement elimi- 
Deflection 
measured under a test load was much less than 
that estimated. 


nated the need for drop panels. 


* * * * 

Q. Why have many bridge decks scaled so 
badly as to require re-surfacing long before the 
concrete approach-road built at the same time? 
A. Where no special exposure conditions 
(such as salting the bridge deck only) oc- 
curred, evidently the road and the bridge 
were built with different cements and aggre- 
different 
perhaps at different seasons of 


gates, usually contractors, and 
the 
Structural concrete specifications for bridges 
usually 


strengths, smaller size aggregate, and higher 


year. 


require minimum compressive 
slumps, while paving concrete specifications 
require larger aggregate, lower slumps, and a 
minimum flexural strength. Often air en- 
trainment was required in the pavement and 
not in the bridge. Probably no effort was 
made to secure uniform durability since the 
specifications were prepared by different de- 
partments with no over-all check on uni- 
formity of resulting concrete. One may also, 
although less frequently, find the bridge deck 
in better condition than the approaching 
concrete road. 
* * * * 

Q. An owner withheld payment for a con- 
crete floor on the grounds that the material did 
not meet the strength specification. Cracks at an 
early age were cited as evidence of an unsatis- 
factory strength. The only test consisted of two 
cylinders, the 28-day cylinder failing approzi- 
mately 15 percent below the specified 2500 psi. 

The floor was not jointed, 5-in. thick, mesh- 
reinforced, built on fill, placed in cool fall 
weather, and loaded with sheet metal stock 
rolls and light stamping machines. No curing 
measures were taken. It cracked around ma- 
chines and elsewhere at about 20-ft intervals. 


Controversy developed among owner, contractor, 
and ready-mixed concrete supplier who sells on a 
strength basis. What should the procedure be to 
resolve controversy? 


A. First, the cracks annoying the owner 
are inherent in a poor design (shrinkage cracks 
instead of joints and design inadequate for 
concentrated heavy loads). This item is not 
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the concern of the contractor nor supplier. 
Second, two cylinders, though often specified, 
do not constitute a test. Third, the obsolete 
Joint Committee Report defined a failure 
as one test less than 85 percent of the specified 
strength. In this case, however, the definition 
of a failure must be taken from the building 
specification. 

The average of several core tests will estab- 
lish strength of the concrete in place. If 
this strength the design 
specified, the should. pay for the 
material, the work, and the test. If the cores 
tested average below the strength specified, 


meets strength 


owner 


it may be the result of poor concrete as 
supplied or poor curing by the contractor. A 
positive determination is difficult 
standard procedure is available. 


and no 

A reasonable procedure would be to take 
cores in pairs, one of each pair to be tested 
immediately, the other to be moist cured 
at 70 F for 28 days before testing. If all 
core are unsatisfactory, clearly the 
supplier is at fault. If the tests show a marked 
improvement strength with additional 
curing and the final tests are satisfactory, 
the contractor failed to provide proper field 
curing. A reasonable corrective measure 
would consist of additional moist field curing. 
The owner might reasonably request such 
additional curing or an equivalent reduction 
in his bill. The question of responsibility for 
water added at the job to the concrete ap- 
parently does not enter into this controversy. 


tests 


in 


* * * * 


Q. What is the equivalent standard cylinder 
strength relationship to the breaking strength of 
a 3 x 5-in. test core? 
breaking strength of any 
specimen to its equivalent strength as given by 
a6 2x 12-in. standard cylinder? 


How does one. convert the 


nonstandard — size 


A. Complete tables for conversion are 
available in the third edition (1955) of the 
ACI Manual of Concrete Inspection. <A 3 in. 
diameter x 5 in. length is converted as follows: 
= 100/106 
= B = 0.97 


3 in. diameter correction = A 
h/d ratio, 5/3 correction 
Conversion factor = AB 
standard cylinder strength 
f.' = A B X breaking strength of 3 x 5-in. 
test specimen. 


Equivalent 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 
Two Canadian prestressed concrete 
bridges 
The Engineer (London), V. 199, No. 5173, Mar. 18, 
1955, p. 391 

Reviewed by Aron L. Mirsky 

Both bridges, each having three spans, are 

over the Rideau River at Bytown, Ottawa. 
Spans on the South Bytown bridge are 75 ft 
6 in.; on the North Bytown bridge, 89 ft 3 in. 
In each case wide flanged, I-shaped pre- 
stressed beams were laid side by side to form 
the 65 ft wide deck. 


Flood-plain bridge at Petershagen 
(Middle Weser). Welded continuous 
girders 140 m long composite with 
jointless reinforced concrete deck (Die 
Flutbruecke bei Petershagen (Mittel- 
weser). Geschweisste Durchlauf- 
traeger mit fugenloser Stahlbeton- 
platte von 140 m Laenge in Verbund- 
bau) 

MoeutMANN, Der Bauingenieur (Berlin), V. 29, No. 
4, Apr. 1954, pp. 132-141 

Reviewed by Aron L. Mirsky 

Bridge consists of five spans, two end spans 
25 m and three intermediate spans 30 m long. 
Roadway is 6 m wide with a 1.5-m sidewalk 
on either side. Substructure was completed 
before the war, 10 years before the superstruc- 
ture was constructed. 

Concrete deck acts compositely with the 
three main girders. Special shear connectors 
(developed by Professor Graf) were used at 
locations where the girder flanges are in ten- 
sion and the deck in compression. At the 
abutments, end of slab was supported on the 
cross-beams rather than on the backwall. 

A full program of investigations of the 
stresses and deflections; both during concret- 


ing of the deck and under live load, was under- 
taken; a rather complete description of the 
program, installation of gages, and construc- 
tion procedures is given. Program was of 
course costly; author considers it justified, 
and gives his reasons. (Reviewer concurs, 
and expresses wish more such investigations 
were undertaken, for the good of the pro- 


fession. ) 


On the esthetics of bridges (Sur 
Vesthetique des ponts) 
J.-R. Ropinson, Annales des Ponts Chaussees 
(Paris), V. 124, No. 5, Sept.-Oct. 1954, pp. 539-555 
Reviewed by Aron L. Mirsky 
Brief but pithy discourse which starts 
with a discussion of what is meant by beauty 
in architecture, surveys the training of an 
engineer and the development of creative 
ability, studies the interrelated problems of 
economy, technical difficulties, and appear- 
ance, surveys modern bridge styles, and con- 
cludes with a discussion of collaboration of 


engineer and architect. 


Open-web bowstring bridge of pre- 
stressed concrete 

Engineering (London), V. 179, No. 4657, Apr. 29 
1955, pp. 536-537 

Gunthorpe pipe bridge 


The Engineer (London), V. 199, No. 5178, Apr 


1955, p. 554 


Reviewed by Aron L. Mirsky 

Bridge, carrying two 21-in. water mains 
across the River Trent on a 250-ft span, has a 
single arched top boom, a bottom tie (two 
parapet girders which, with a light deck, forma 
trough for the water pipes), and triangular 
hangers between boom and parapet girders 
All members were precast in segments; the 


structure was erected and prestressed on 


A part of copyrighted JournaL or THE AMERICAN Concrete INstiTUTE, V. 27, No. 3, Nov. 1955, Proceedings 
V. 52. Address 18263 W. MeNichols Rd., Detroit 19, Mich. Where the English title only is given in a review, 
the book or article reviewed is in English. If it is followed by a foreign title the work reviewed is in that language. 
In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 
original article is indicated in parenthesis following the English title. Copies of articles or books reviewed are not 
available through ACI. Available addresses of publishers are listed in the June “Current Reviews" each year 
In most cases ACI can furnish addresses of publiestions added later 
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shore and launched across the river to mini- 
with traffic. 
(Descriptions of this bridge also appeared 


mize interference water-borne 
in Concrete and Constructional Engineering, 
June 1955, pp. 229-232, and Engineering 
News-Record, July 21, 1955, pp. 54-55, 58.) 
Calculation of the stresses in the dia- 
phragms of high bridges with multiple 
stringers. Case of a bridge with six 
stringers (Calcul des efforts dans les 
entretoises des ponts-routes a poutres 
multiples. Cas d’un pont a six 
poutres) 


G. Monneret, Annales des Ponts et Chau 
V. 124, No. 3, May-June 1954, pp. 273-318 
Reviewed by Aron L. Mirsky 


(Paris), 


sees 


Analysis of interaction between stringers 


and intermediate diaphragms, taking into 
account their relative stiffnesses, leads to a 
N X M linear equations (V = 
M = number 


system of 


number of girders, of dia- 


phragms). Two cases are investigated: (1) 
three diaphragms, central loading; (2) single 
Conditions 
at the ends of the stringers are found to in- 


diaphragm, any type of loading. 


fluence results. The problem of skew dia- 


phragms is discussed briefly. 


Highway bridge near Northeim (Flut- 
bruecke im Zuge der Autobahn bei 
Northeim) 


Uvricn Seerzen and Ernarp Zscuisepricu, Beton- 


und Stahlbetonbau (Berlin), V. 
pp. 107-117 


50, No. 4, Apr. 1955, 
Reviewed by Vaupis Lapsins 
and 


gained over the years were basis for construc- 


Present design theories experience 
tion of a 280 m continuous prestressed con- 
crete bridge. Efforts were made to investi- 
gate the most economical design to span 
over a 1300 m wide valley which carries two 
small 


m during flood stage. 


streams. The valley overflows 14% 
Model in the 


laboratory indicated that a three-unit ar- 


tests 


rangement appeared to be the best solution 
two small bridges across the streams and one 
continuous plate-girder bridge consisting of 
seven 40 m spans across the deepest section 
of the valley. 

Design, construction, post-investigation, 
and analysis of the behavior of the 280-m 
bridge are described in detail. Great em- 
phasis is given to the prestressing which was 
accomplished by two 100 ton units in each 
girder. 
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Reinforced concrete 


structed since the war 


W. A. Farruurst, The Engineer (London), V. 
No. 5176, Apr. 8, 1955, pp. 500-501 
Reviewed by Aron L. Mirsky 


bridges con- 


199 


Brief critiques, based primarily on esthetic 
grounds and only secondarily on technical 
difficulties encountered and surmounted. Six 
bridges are adjudged of especial merit: the 
Gueuroz arch, Switzerland; the Rosshaupten 
arch, Germany; the Rio Antas arch, 
Brazil; the San Niccolo arch, Florence, Italy; 


the Jacques-Boulloche multiple girder bridge, 


das 


Bezons, France; and a bridge over the Meuse, 
The Squirrel Hill Viaduct, 
Pittsburgh, is mentioned favorably. 


Liége, Belgium. 


Author decries absence of British designs 
list. add that 
has in this 


teviewer would 


little to 


from his 


America but boast of 


regard, too. 


Construction 


Prefabricated grade beams supported 
on drilled concrete footings 
Contractors and Engineers, V. 52, No. 3, Mar. 1955, pp. 
98-101 

A method combining drilled-in-place piers 
with prefabricated grade beams is permitting 
a small crew to complete six building founda- 
tions daily for a low-cost housing develop- 
ment (VA inspection) near La Habra, Calif 
This speed is equaled in importance by the 
good foundations that the method seems to 
provide for structures on expanding soils. 
One of Britain's drainage 
schemes 
The British Constructional Engineer 
No. 1, Mar. 1955, pp. 45-46 

An 


ployed precast concrete sections. The tunnels 


largest 


(London), V. 6 


interesting tunnel construction em- 
are approximately 11 ft in diameter, and are 
composed of ribbed precast sections bolted 
together through the ribs. Also described 
is a shoterete lining process used to permit 
utilization of ancient egg-shaped stone sewers 


Renovation of a deteriorated concrete 

structure 

W. E. I. Armsrrone, Concrete and Constructional En 

gineering (London), V. 50, No. 1, Jan. 1955, pp. 65-67 
Describes the repair to the deteriorated 

face of a concrete building used as a chemical 








8 


‘ 
‘ 









factory. Deterioration included rusting and 


consequent expansion of the reinforcement, 
rusting of the steel sash, and in some places 
leakage through the wall of corrosive chemical 
solutions. The repair work featured place- 
ment of foam concrete which was desirable 
for its light weight so as not to increase the 
present load on footings. Acid penetration 
through the concrete was prevented by in- 
terior repairs consisting of high-alumina 
cement toppings combined with drainage 
consisting of clay duct. Precast concrete 
copings and precast reinforced concrete 
window frames with rustproof metal window 
openings replaced some of the original dam- 
aged construction. 


Design and construction of the nuclear 
reactor buildings at Winscale Works, 
Sellafield 
D. R. R. Dick, The Structural Engineer (London), V. 
32, No. 11, Nov. 1954, pp. 287-303 
Reviewed by C. P. Sress 

Of special interest are a 10 ft thick founda- 
tion raft of reinforced concrete, designed as a 
“flange’’ to the superstructure; concrete 
shields for the reactors, ranging up to 9 ft 
thick; an 8.5 ft thick roof over the reactor 
which was cast on bottom forms hung from 
seven double-double Bailey bridge girders 
each 60 ft long. 


Flat slabs supported by columns 
without capitals 
Concrete and Constructional Engineering (London), V. 
50, No. 3, Mar. 1955, pp. 141-142 

Describes the construction and design of 
a small flat-plate type, five-story building in 
France. Of particular interest is the report 
on a load test to failure of one column-head 
section. The test indicated a factor of safety 
of two against cracking and five against 
failure. Although shearing stress was only 
50 psi, shear reinforcement was provided at 
the column in the 614-in. thick slab. 


Portable falsework supports forms 
for arch roof 
Contractors and Engineers, V. 52, No. 2, Feb. 1955, 
pp. 68-72 

Describes the ingenious system of portable 
falsework for the thin-shell concrete arch 
roof of the new terminal building being con- 
structed at St. Louis Municipal Airport. 
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The falsework system is rolled on rails from 
one concrete placement to the next in 11 
separate sections. Supported only at the 
four corners, the roof units consist of inter- 
secting thin-shelled concrete cylinders. Arch 
ribs extend diagonally from the pin connec- 
tions in the four corners and intersect at 
the center. Each of the three roof sections 
covers an area of 120x 120 ft. The ribs and 
shell are cast monolithically. Each of the 
three arch roof sections was formed and cast 
as a unit. Construction details are well 
illustrated and described. 


Barajas Airport in Madrid (in Spanish) 
Informes de la Construccién (Madrid), V. 7, No. 67 
Jan. 1955, Item 144-13, 14 pp. 
Reviewed by J. J. PourvKa 

New passenger terminal at Barajas Air- 
port features reinforced concrete construc- 
tion, e.g., roof frames of 80-ft span and 46 ft 
high buttressed retaining walls. The main 
building has eight floors (total height 125 ft) 
and two basements; it was designed for a 
wind of 90 mph. 


Various types of wharves and marine 
structures recently carried out in France 
L. P. Brice, The Structural Enginee London), V 
33, No. 2, Feb. 1955, pp. 56-66 (including discussion) 
Reviewed by C. P. Stess 
General description of six wharves or 
jetties built between 1948 and 1953 at Brest, 
Etel, LaTrinite-sur-Mer, and Dunkirk. All 
were primarily of reinforced concrete, much 
of it precast. In one case capitals for a flat 
slab floor were placed above the dock rather 
than below. 


“The contractor's job was assembly” 
Architectural Forum, V. 102, No. 5, May 1955, pp 
138-141 

Prestressing and precasting were factors 
in construction costs of $8.58 per sq ft for a 
Tacoma, Wash., school building. Concrete 
columns, beams, and spandrels were stand- 
ardized and precast. The 4-in. precast con- 
crete spandrels rest on spot footings beneath 
the columns and tie to the columns; between 
spot footings the spandrels assume the role of 
running footings. Prestressed beams used 
10,000-psi, no-slump concrete; columns were 
6000-psi concrete. Playcourt roof of pre- 
cast arches rests on prestressed edge beams. 
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Church at Aldenhoven (Die Kirche 
Aldenhoven) 
Ewaup Scuorscu and Rupoir Scnoenrock, Beton- 
und Stahlbetonbau (Berlin), V. 50, No. 3, Mar. 1955, 
pp. 82-85 
Reviewed by Va.tpis LapsiIns 

Thin cylindrical reinforced concrete shells 
are employed to cover a large floor space in 
this modern church. Shell-type ceiling con- 
struction contributed to economy, archi- 
tectural beauty, and wind bracing. 

Construction was accomplished by placing 
concrete in groups of three segments at a 
time. Each segment was 20 m long and 3.95 
m wide. Gives basic assumptions and con- 
siderations for theoretical design of the shells, 
and discusses construction. 


Permeability floor pressure and uplift 
in gravity dams 
Roy W. Caruson, Proceedings, ASCE, V. 81, Separate 
No. 700, May 1955, 18 pp., $0.50 

Results are presented as studies on in- 
tensity of pore pressure in the bodies of con- 
crete dams and the resulting uplift force. 
The low permeability of concrete, even with 
as little as 2 bags of cement per cu yd, in- 
dicates that equilibrium pore pressure should 
never develop in a service dam. The effect 
of air entrainment is to reduce the penetra- 
tion of pore ‘pressure into a dam to a fraction 
of the penetration without air. An approxi- 
mate solution for the percentage area subject 
to uplift pressure is offered in which the area 
is expressed in terms of known voids and of 
the ratio of the elastic modulus of the solid 
constituents in the concrete to that of a com- 
posite concrete. 


Fifth International Congress on Large 
Dams 

Supplement to Travaur, No. 247, Editions Science et 
Industrie, Paris, May 1955, 315 pp., 2650 Fr. 
(available in English and French) 


An interesting and well illustrated book re- 
viewing hydroelectric projects in France and 
its territories. Evolution of construction 
equipment for large dams is reviewed. Fif- 
teen projects in France, including the well- 
known Tignes Dam, are described. Six 
projects in North Africa and projects in 
French Guinea, Cameroons, Logone Tchad, 
French Equatorial Africa, Madagascar, and 
New Caledonia are described. 


November 1955 


Aggregate handling and powerhouse 
construction—Gavins Point Dam 
Ratpn Monson, Contractors and Engineers, V. 52, 
No. 8, Aug. 1955, pp. 22-26 

Of particular interest are the details on 
winter concreting. The entire powerhouse 
area was enclosed in a large L-shaped frame 
covering nearly 35,000 sq ft. From an initial 
height of 56 ft, the enclosure grew with each 
lift of concrete until it was 96 ft above the 
invert of the intake structure. Prefabricated 
enclosure wall panels, about 10 x 26 ft, were 
built with 2 x 6-in. studs sheathed with 1-in. 
matched lumber and covered on the outside 
with roofing felt. Steel columns supporting 
the roof structure were embedded in the con- 
crete and extended as successive lifts were 
added. Roof panels could be removed during 
concreting to admit buckets. The en- 
closure was heated by high-pressure steam. 
Mixing water, which was drawn from the 
river and treated to remove impurities and 
solids, was stored in tanks. The tanks were 
insulated against summer heat and winter 
cold by bales of straw piled around them. 
Other good winter concreting practices are 
described. 


Design 


Design of eccentrically loaded slender 
reinforced concrete columns (Die 
Bemessung schlanker Stahlibetonstuet- 
zen auf ausmittigen Druck) 
Kart Jarcer, Beton- und Stahlbetonbau (Berlin), 
V. 50, No. 3, Mar. 1955, pp. 75-79 

Reviewed by Vavpis Lapsins 

Author’s method for design of slender col- 
umns is introduced and explained. Columns 
with high slenderness ratio create a problem 
which is more of a stability rather than 
simple stress nature. Design of these col- 
umns involves the introduction and use of 
critical load, critical stress, and critical ‘‘zero 
stress.”’ 

Detailed emphasis is given to each of the 
factors which have influence upon critical 
load: strain energy of structural materials, 
cross sectional area, reinforcement, eccen- 
tricity, type of supports, and slenderness 
ratio. 

Carrying capacity is generally determined 
by introducing critical load at the limiting 
state of equilibrium. Since no _ relation 
exists between internal and external forces, 
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the method for design with allowable loads 
cannot be directly applied, it is important 
that critical strain energy is taken into con- 
sideration. 


Bending in annular sections 
Apvotepne A. Marrone, Proceedings, ASCE, V. 81, 
Separate No. 683, May 1955, 18 pp., $0.50 

The distribution of stresses on an annular 
section under an eccentric load is derived by 
making use of the properties of circular ares 
on the assumption that the thickness of the 
annulus is small compared to the radius. The 
resulting formulas are extended to reinforced 
concrete sections subjected to bending only 
or to loads with any degree of eccentricity. 
Charts for convenience in design are pre- 
sented together with correction curves for 
thicker sections. The material is suitable 
for application to the analysis and design of 
concrete chimneys and concrete pipe. 


Design procedure with numerical 
tables and examples for application 
of the German concrete code (Be- 
messungsverfahren, Zahlentafeln, und 
Zahlenbeispiele zu den Bestimmungen 
des Deutschen Ausschusses_ fuer 
Stahlbeton) 
H. Loreser, Wilhelm Ernst & Sohn, Berlin, 15th Edi- 
tion, 1955, 314 pp., 21 DM 

This well known text has been revised to 
conform to the 1955 official German code for 
concrete construction. It has been broad- 
ened to include new sections of the code and 
the tables revised to conform to the latest 
provisions. Its value to practicing engineers 
is indicated by the translations available in 
seven languages (English not included). 


Design of large capacity silos 


Indian Concrete Journal (Bombay), V. 28, No. 4, 
Apr. 1954, pp. 117-121 


The structural design of large silos is con- 
sidered quite thoroughly, including estima- 
tion of lateral pressure by various available 
methods and a consideration of four types 
of roofs in common use—spherical, conical, 
truncated conical, and flat. A numerical 
example is developed for a twin silo to hold 
cement and the entire suggested procedure 
of design is illustrated. 
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On the safeguarding of reinforced 
concrete and of composite beams in 
shear (Zur Schubsicherung des Stahl- 
beton- und des Verbundbalkens) 
A. Meumet, Der Bauingenieur (Berlin), V. 29, No. 5 
May 1954, pp. 157-160 
Reviewed by Aron L. Mirsky 

Starting from basic derivation of maximum 
shears in beams, author discusses shear 
stresses in ordinary reinforced concrete beams 
and in composite beams, concluding that 
allowable maximum shearing stresses per- 
mitted by Article 13 of German Industrial 
Standard (DIN) 1078 are too high for latter 
type, wherein the upper flange of the steel 
beam lies quite near the neutral axis of the 
composite section but is (usually) not fully 
encased in concrete. Cause of difficulty is 
possibility of ensuing cracks spreading, es- 
pecially in corrosive atmospheres, with 
consequent loss or reduction of bond; remedy 
is rigid dowels on closer spacing. 


Materials 


Properties of Yugoslav cements—1953 
(Karakteristike Jugoslovenskih ce- 
menata na zaklijuéku 1953 g) 
MarJAN Fersan, Nase Gradevinarstvo (Belgrade), V. 
9, No. 3, Mar. 1955, pp. 345-352 
Reviewed by J. J. PotivKa 
Report on 18 types of cement manufac- 
tured in Yugoslavia. Data show that 50 per- 
cent of cements are of outstanding quality 
and 25 percent cannot be recommended for 
use in important structures. 


Good concrete made with coral and 
sea water 
D. Lee Narver, Civil Engineering, V. 24; No. 10, 
Oct. 1954, pp. 40-44; No. 11, Nov. 1954, pp. 49-52 
At Eniwetok and Bikini, coral aggregates 
and sea water have been used successfully 
for heavily reinforced concrete structures. 
Atolls, composed entirely of coral, are with- 
out the fresh water and rock aggregates 
normally used for concrete. Controlled re- 
search and field tests ultimately produced 
concrete made with sea water and coral of a 
strength sufficient to meet building require- 
ments. The first article presents results of 
pioneer tests on coral aggregate, tells where 
and how to find aggregate of the best quality, 
and how to test, quarry, and stockpile it. 
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The second article covers proportioning and 
control of coral-aggregate mixes and relates 
several beneficial effects of using sea water 
for mixing coral concrete. 


Commercial concrete—the economic 
production of quality concrete from 
readily available materials 


L. Borp Mercer, Journal of the Institution of Engi 
(Australia), V. 26, No. 3, Mar. 1954, pp. 39-46 
AUTHOR'S SUMMARY 


neers 


Covers technical problems associated with 
the proportioning of concrete mixes to pro- 
duce a quality product from commercially 
It is contended that the 
usual procedure of endeavoring to procure 


available materials. 


selected materials with predetermined aggre- 
gate gradings to approximate some theoreti- 
cal mix design requirement is both unnec- 
essary and uneconomical. 

The problem is traced through the stages 
from structural design to mix proportioning, 
and the application of statistical analysis is 
presented as applicable to central batching 
Methods 
tioning mixes to meet a variety of conditions, 

the flexibility of 
outlined. The paper concludes 
of material, and 
testing variables which must be controlled 
to secure quality concrete. 


and mixing plants. for propor- 


essential to commercial 
plants, 


with a 


are 


survey batching, 


Basic conditions for the use of ex- 
panding cement (Grundlagen fiir die 
Anwendung von Quellzement) 

Zement-Kalk-Gips (Wiesbaden), V. 8, No. 


pp. 118-128 
Reviewed by H. H. 


K. Wescue 
4, Apr. 1955 
WERNER 
Investigations into the basic properties of 
The litera- 
ture was found basically correct but lacking 


expanding cement are described. 


information on their use to obtain specific 
properties. It was found that the expansion 
factor of cement mortar as well as concrete 
varies greatly but that this factor ean be 
controlled within limits by the cement factor 
the Expansion 
time, curing influence, strength, modulus of 
elasticity, and confinement stress were in- 


and water-cement ratio. 


vestigated. 

The of expanding cement 
were found to be its low strength and low 
elasticity during Further in- 
vestigations into the behavior of expanding 


deficiencies 


expansion. 
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cement are required with various curing 


conditions, specific surface ratios, and types 
and arrangements of reinforcement. 


Chemical resistivities of various types 
of cement (in Japanese) 

R. Konpo and T. Yamaucut, Journal of Ceramic Assn 
of Japan, V. 62, No. 701, 1954, pp. 656-665 


CERAMIC 
Apr. 1955 


ABSTRACTS 
Yamasaki) 


Resistance of various cement to 
chemical attack by 2 percent MgSO, solution 


Was examined. 


mortars 


The durability of portland, 
blast-furnace, and silica cements can be in- 
creased by the addition of up to 2 to 4 per- 
The outer 
the specimen containing portland 


cent gypsum or anhydrite as SOs. 
part of 
cement and finely ground slag showed severe 
cracks due to the excessive expansion, but 
the inner part remained tight and was more 
stable than the portland cement free from 
slag. To improve the resistance of the blast- 
furnace cement, increase in the amount of 
gypsum and slag is recommended, the content 
A dense 
The 


surface of the specimen of gypsum-slag ce- 


of the latter being up to 60 percent. 
protective layer formed on the surface. 


ment showed fine cracks, but the inner part 
remained unattacked. 


Studies on the use of air-entraining 
agents (in Japanese) 


MASATANE 
Civil Engineers, No. 23, Feb. 1955, pp. 1-19 
AvTHOR's SUMMARY 


Koxusv, Transactions, Japan Society of 


Reports studies on the properties of air- 
entrained concrete using five different air- 
entraining agents which are now in common 
use in Japan. Shows effect of differences in 
specimen size and type of container on freez- 
ing and thawing test results, and effects of 
the 
workability, 
strength. 


various agents on unit water content, 


bleeding, and compressive 
Discusses the effect of curing tem- 
The 
a Japanese Type | 
cement and most of them were duplicated 
with a Japanese moderate-heat (Type II) 
cement. 


peratures on compressive strength. 


tests were made using 


Two of the five air-entraining agents were 
of the wood resin type, one was an organic 
salt of a sulfonated hydrocarbon, one was a 
Japanese air-entraining agent called Spuma, 
and one was of the calcium lignosulfonate 
type. It was found that the first four agents 
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affected workability, strength, and resis- 
tance to freezing and thawing by substantially 
the same amount and that the mix propor- 
tions tor comparable concrete properties 
were about the same except that the quan- 
tity ol agent required varied with the agent 
used. The agent of the calcium lignosulfonat« 
type produced concrete of the same consis- 


The 


depended to some ex- 


tency with the least unit water content 
amount of decrease 
tent on the brand of cement and cement con- 
but generally 


than the 


tent was about 6 to 9 percent 


more reduction in water content 


provided by the other agents. In addition to 


the reduction in volume change, and _ in- 
creased durability brought about by this re- 
duction in water content, it was found that 


it improved strengths at later ages, 


particu- 


larly at higher curing temperatures. 


The author concluded that the use of the 
latter agent for gravity dam concrete is not 
only desirable to provide lowered cement 
factors (for a given strength) to reduce total 


heat, but also to provide better strength 


development at later ages than is provided 


by the other agents. 


Pavements 


Abrasive blades halve cost of sawing 
pavement joints 
und Engineers, V. 52, No. 6, June 


Contractors 1955 


pp. 44-47 


the different 


types of concrete saws for jointing pavement, 


Describes development of 


and their advantages for particular applica- 


tions Greatest economy has been achieved 


by irborundum 
file I 


expensive 


the use of abrasive blades, ¢ 
steel mesh. or 
the 


It is stated that diamond 


reinforced with nylon, 


glass mesh, instead of more 
diamond tip blades 
still 


concrete, 


the most economical Tor 
but not at the 


ages recommended for jointing pavements 


tip blades are 


cutting older early 


Concrete superhighway Amsterdam- 
Utrecht (in Dutch) 


J. C. N. Rineeuine and A. G. Quack, Cemer Am 
sterdam), No. 21-22, 1954, pp. 351-36 
Reviewed by Joun W. T. Van Ex 
The four-lane divided highway 12-ft 
lanes) has a 614-in. base slab (5.3 bags pet 
cu yd) and a 2)-in. wearing course (7.1 bags 
per cu yd Foundation consisted of a vi- 
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brated sandbed of varying thickness replac- 
ing layers of peat in the subsoil which were 


removed I-xpansion joints were spaced 
250 ft for that part of the job placed in June, 
July, August, 125 ft. 
side the pavement continuous parking strips 


of 8-in 


and otherwise Along- 


99 


lean concrete (2.2 bags per cu vd 


were covered and protected by 0.3 psi asphalt 
emulsion. Finished concrete was cured under 


a layer of sand kept moist for 21 days 


Continuous reinforcement in concrete 
pavement—ofter 152 years 

HARR DD. Casnett, and Witmer |! Peske, Pub 
Road 8, N ( 955, 1 l 


In 1938 a reinforced concrete 


the 


pavement 


was built in Indiana to stud 


efiects ol 


varving amounts of continuous longitudinal 
steel reinforcement in pavement sections ol 
various lengths (20 to 1310 ft Previous 


construction, 
1O ve 


reports have covered design, 


and performance during the first irs 


Observation of the pavement sections alter 
the 


use of longitudinal reinforcement, any 


ars’ st indicated that, with 


15% ve 


prope T 


spacing ol 


‘rvice 


transverse joints within the range 


studied 


will give satisfactory performances 
In the long, heavily reinforced sections num- 
erous closely spaced transverse cracks have 
developed, but these have not open 1 and 


are not detrimental to surface smoothness or 


pavement life. Irrespective of section length, 


all cracks held closed by reinforcement have 


been highly resistant to pumping, free of 


faulting, and have required little or no main- 


tenance 


Design thickness of concrete roads 
Road N Ne 19, Road Resear Laborator 
Department of Scientific and Industrial Resear 
England, 1955, 8 

the 


rational design 


Re presents a new assessment ol 


pre sent 


state of knowledge on the lor 


road slabs It 
1949, at 


iickness of concrete con- 


tinues vork begun 1n which time a 


table of thicknesses for concret« roads based 


upon on collective cperience of a number of 


highway igencies, Was published The prin- 


cipal departures from United States practice 
are the treatments of reinforcement, 


the effect of reinforcement in quantities prac 


latigue, 


und edge thickening 


American practice, 


economically Is not considered to 


uired thickness of a 


the ree pavement 
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significantly. In the design table presented 
this bulletin, the 
sidered to replace 2 in. of thickness for slabs 
up to 8 in. thick and unreinforced slabs are 


in reinforcement is con- 


not recommended where greater thicknesses 
are required. Even though the recommended 
design procedure is based upon a 50-year life 
expectancy before resurfacing, the statement 
is made that “fatigue of the concrete under 
these conditions is therefore unlikely to be 
important,’’ whereas in American practice, 
fatigue is the basis for selecting the design 
thickness. 
edges as an equivalent to load transfer de- 


The device of using thickened 
vices at interior edges is not mentioned. The 


short bibliography includes references to 


American tests and British test roads. 


Design of rigid pavements for high- 
ways and air fields (Calculo de pavi- 
mentos riguidos para carreteras y 
aerédromos) 
R. Pevtier, Bulletin No. 135, Instituto Técnico de la 
Construccién y del Cemento, Madrid, 1953, 27 pp. 
Reviewed by Emitio RoseNnBLUETH 
Summary and comparison of methods due 
to Westergaard and Burmister for analysis 
of rigid pavements, including correction for 
finite size of slab. Experimental method due 
to M. Dantu is described, utilizing optical 
measurement of deformations of a grid in a 
glass mirror that represents a model of the 
slab, resting on a special type of cork to 
simulate the subbase. Gives comparison of 
experimental and analytical results, as well as 
some experimental data to take account of 
edge and corner effects. Gives a rapid treat- 
ment of many practical problems, such as 
freezing and thawing, thermal stresses, bac- 
terial alteration of soil properties, experi- 
mental determination of soil constant, differ- 
ent types of joints, effects of repeated loading 
(advocating logarithmic law for pregressive 
settlements). A design method is proposed 
aimed at taking into consideration most of 
these variables; design charts are included. 
Presents method of design for pavement 
formed by two concrete slabs separated by a 
bituminous layer ané shows great advantages 
of this type of pavement for highways. 
Author gives examples of rigid pavement be- 
havior in France. 
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Precast concrete 


Precast concrete structural assemblies 


The Engineer (London), V. 199, No. 5177, Apr. 15, 


1955, p. 534 
Reviewed by Aron L. Mirsky 
Brief description of construction with the 
“Raphcon” system of hollow precast beam 
which may 
stressed in various ways. 


units be combined and _ pre- 


Mass production methods 
construction on Guam 


G. B. MeaGuer, Jr., Civil Engineer Corps Bulletin, 
J. 8. Navy, V. 9, No. 6, June 1955, pp. 12-15 


highlight 


Precast concrete was utilized to a maximum 


for the construction of barracks and mess 


halls for the air base on Guam. Concrete 
core molds were used with wood edge forms 
to cast the thin-shell precast concrete floor 
and roof panels. 


Two hangars of prefabricated rein- 
forced concrete (in French) 


Jean-Jacques Covuton, Travaux (Paris), No. 241, Nov. 
1954, pp. 804-806 


Design of the project (in French) 


M. Leyzerson, Travaux (Paris), No. 241, Nov. 
pp. 807-808 


1954 


Reviewed by M. W. Jackson 


The two articles describe the same project, 
consisting of two hangars 160 ft wide and 175 
ft long. Each building is composed of a 
of The 
arches were prefabricated in five pieces and 
The 


arch legs were set in pyramidal cavities in the 


series two-span arches, two-span 


assembled in the air during erection. 


foundation. 


New sulfate of ammonia store 
Prefabrication (London), V. 2, No. 14, Dee. 1954, pp. 


77 


77-79 


Principal structural feature of a warehouse 
for the storage and handling of sulfate of 
ammonia is the use of precast, prestressed 
three-hinged arches, each having a span of 86 
ft 6 in. 
mately 


and a rise of 48 ft 6 in. in approxi- 
The arch 
are 12 in. wide and vary in depth from 1 ft 
9 in. to 2 ft 9 in. 
mately 66 ft long and weighs approximately 
13 tons. 
centers 


a parabolic shape ribs 


Each section is approxi- 
The arch ribs were spaced 8 ft on 


and covered by concrete plank, 
grouted in place. The Lee-McCall system of 
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prestressing was used, employing two 1}¢-in. 
Macalloy Sulfate 
resistance was provided by the use of sulfate 


diameter bars per rib. 


resisting cement for the concrete. 


Precast concrete blocks for coast pro- 
tection 
The Engineer (London), V. 199, No. 5167, Feb. 4 
1955, pp. 162-163 
Reviewed by Aron L. Mirsky 

Brief description of two types of interlock- 
ing blocks developed in England. The ‘‘Sea- 
lock”’ 12x 12x 4 in., designed for 
constructing revetments. The ‘‘Stormfender”’ 
units are 12 x 12 x 6 in., solid or cavity type, 


units are 


with ribbed, grooved, or plain facing, de- 
signed for use in various types of wave-re- 


sisting structures including revetments. 


Is this the new look in framing? 
1—Concrete bents frame flexible plan 


House & Home, V. 7, No. 1, Jan. 1955, pp. 112-117 


Concrete construction was found practical, 
economical, and quick in a new kind of house 
using a precast concrete frame and concrete 
roof planks. 10 ft 8 in. on 
centers, with a 29 ft 4 in. span, carry all the 
roof loads. 


Kight arches, 


Each arch was formed of a pair 
of precast bents—each bent weighing 1600 
lb—joined at the ridge of the roof with a 4%- 
in. dowel. Lightweight concrete was used for 
bents as well as the 2 ft x 10 ft 8 in. precast 
rool planks. 
masonry. 


Exterior walls were concrete 


Prestressed concrete 


A multilateral practice in prestressed 
concrete (Ein vielseitiges Spannbeton- 
verfahren) 
WoLrGana Zerna, Beton- und Stahlbetonbau (Berlin 
V. 50, No. 1, Jan. 1955, pp. 18-24 
Reviewed by VauLpis Lapsins 

Report of a prestressed concrete technique 
and its application to practical work. Em- 
phasis is given to a discussion of prestressing 
steel 
anchorage, as well as a complete description 


steel, channeling of the cables, and 
of a method used for tensioning the steel 
wires and the apparatus used. 

As far as experience shows, it appears to 
be of little importance to uniformly space the 
prestressing steel wires inside their channel. 
The oval-ribbed wire bundles find their proper 
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way automatically. Finally, anchorage is 


given careful consideration, being one of the 
important steps in prestressed concrete prac- 
tice, regardless of the technique involved. 


Design charts for prestressed rec- 


tangular beams and slabs 


Reainatp G. Ronerrson, Proceedings, Institution of 
London), Part III ‘ 
2 
; 


Civil Engineers 
1955, pp. 155-17 


V. 4, No. 1, Apr. 


Reviewed by Aron L. Mirsky 


Presents charts giving dimensions of beams 
and values of cable pull for specified maximum 
Basis of 
also author’s previous papers in Structural 
Nov. 1952, pp. 259-272, and Pro- 
ceedings, Institution of Civil Engineers, Apr. 
1954, pp. 242-247; “Current Reviews,’’ ACI 
JOURNAL, May 1953, Proc. V. 49, p. 866, and 
Oct. 1954, Proc. V. 51, p. 208, respectively), 
and use is illustrated by three examples. 


stresses. charts is discussed (see 


E ngineer, 


Practical aspects of prestressing with 
cables—the problem of friction (As- 
pects practiques de la précontrainte 
par cables—le probléme des frotte- 
ments) 
J. MontaGnon, Supplement aur Annales de I'Institute 
Technique du Bdtiment et des Travaux Publics (Paris), 
June 1954, Prestressed Concrete Series, No. 19 
Reviewed by C. P. S1ess 
Discusses problem of the actual stresses 
produced in multiple-wire cables tensioned 
by jacks. Although various sources of error 
are considered, greatest, attention is given to 
Both 


cables are considered, in sheaths and wrapped 


friction losses. straight and curved 


or coated with bond-destroying materials. A 
device for measuring stresses in cables is de- 
scribed and the results of numerous tests are 
reported. A and a 


chart nomograph are 


given for estimating effects of friction. 


Prestressed concrete costs 


H. Kent Preston, Roads and Streets, V 
July 1955, pp. 103-106 


98, No 


Data on current and comparative percent- 
age costs are presented, based on question- 
naire replies from contractors experienced in 
prestressed concrete work and plants pro- 
ducing prestressed concrete. Presents costs 
on a cubie yard of concrete in place price and 
on prestressing steel on a basis of foot-kip 
units. The interesting feature of this survey 


reported is that 84 percent of the prestressed 
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concrete used was sold on the basis of lowest 
price in competition with other building ma- 
terials, 8 percent on projects where specifi- 
cations required prestressed concrete, and 
the remaining 8 percent on projects which the 
prestressed concrete producer had assisted 


in the design. 


Prestressed concrete (Prejnapeti be- 
ton) 
Serces Busnov, Gradbeni Vestnik (Yugoslavia), No 
27-28, 1054, pp. 139-144 
Reviewed by J. J. PotivKa 

Review of development of prestressed con- 
crete since 1888 (Doehring) Various struc- 
tures built in Yugoslavia are described: roof 
structures in Sisko of 72- and 94-ft span, plant 
in Svetozarevo with spans from 45 to 82 ft. 
The first prestressed bridge (102-ft span) was 
built in 1952 at Rankovitevo. Since then a 
great number of buildings using precast pre- 
stressed construction have been erected. 
Principles and various methods of prestress- 
ing are described, properties of materials dis- 


cussed, and methods of design presented. 


Reducing the number of wires in 
prestressed beams 
Engineering (London), V. 179, No. 4654, Apr. 8, 1955 
p. 445 
Behavior of 0.276-in. diameter wire in 
pre-tensioned concrete beams 
The Engineer (London), V. 199, No. 5176, Apr. 8 
1955, p. 485 
teviewed by Aron L. Mirsky 

Summary of results of static and fatigue 
tests of beams pre-tensioned with smooth 
wires of 0.276-in. diameter. Tests showed 
such wires to be entirely suitable (although 
such wires, used singly and not pre-tensioned, 
were found to slip under load) provided suit- 
able minimum spacings were maintained. 


Structural prestressing 
Fevix J. Samuevy, The Structural Engineer (London), 
V. 33, No. 2, Feb. 1955, pp. 41-54 
teviewed by C. P. Siess 

Considers prestressing in general including 
prestressed concrete, prestressed steel, trussed 
beams, the suspension girder, continuous 
beams or slabs prestressed by jacks or by dis- 
placing a support, and beam-column connec- 
tions prestressed by fabricating out of line. 
Examples of the various applications are 
given and a steel girder with a prestressed 
suspension cable is analyzed in detail. 


November 1955 


Reviewing prestressed concrete 
(Ueberlegungen zum Spannbeton) 


Hans Wirrrorn, Beton- und Stahlbetonbau (Berlin 
V. 50, No. 6, June 1955, pp. 165-167 
Reviewed by Vatpis LApsins 

4 number of valuable considerations and 
tips in prestressed concrete design, such as 
formation and importance of cracks, effect of 
static and dynamic loads, slippage and bond 
ol prestressing steel, and other items of 
interest. 


Properties of concrete 


Relation between hydration of hy- 
draulic binders and concrete strength 
(Relation entre I’hydratation des liants 
hydrauliques et les resistances mec- 
aniques des conglomerats) 
F. Campus, Silicates Indus ls (Brussels), V. 28, No 
1, Jan. 1954 
teviewed by Puuwiie L. MELVILLE 

This study of the water-cement ratio vs. 
strength of concrete distinguishes between 
total water and hydrating water as well as 
between total cement and hydrated cement. 
A logarithmic relation is presented between 
compressive strength and solid volumes of 
hydrated cement, free water, and voids in the 
hardened material. 


Autogenous healing of concrete in 
compression 


E. F. Wurrtam, The Struct 
32, No. 9, Sept. 1954, pp 


al Engineer (London), V 
243 
Reviewed by C. P. Sress 






Concrete cylinders, 5x 10 in., were loaded 
to incipient failure at 0.002 strain and then 
immersed in water for various lengths of time 
before retesting. Stress-strain curves are 
given for original test and retest. Some cylin- 
ders were retested a third time. An expression 
for the stress-strain relation involving the 
hyperbolic tangent is proposed. 


Resistivity of portland cement mortars 
to acid and sulfate solutions (in 
Japanese) 


T. Yamavucut, R. Konpo, and T. Saxat, Journal of 
Ceramic Assn. of Japan, V. 62, No, 696, 1954, pp. 407- 
410 
CrrRaMic ABSTRACTS 
Jan, 1955 (Yamasaki 


Resistivity of blended cement mortars to 
1.8 percent H.SO, and sulfate solution (2 
percent MgSO, + 3 percent NaCl) was de- 
termined by change in appearance and de- 
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crease of mechanical strength. The speci- 
mens were immersed in the testing solution 
Portland cement 
An altered 


3 mm deep 


after 7 days’ water curing. 
mortar was most resistant to acid. 
layer with large cracks was 
formed on the portland-blast furnace cement 
Large needlelike gypsum crystals 
bacillus this 

Portland cement mixed with 


mortar. 
and cement were found in 
altered layer. 
Beppu white clay was more resistant then 


other cements to sulfate solution. 


Influence of aggregates on the form 
variation and stresses in artificial 
stone (Einfluss des Zuschlages auf 
Formanderungen und Spannungen im 
Betonwerkstein) 


B. Henk, Zement-Kalk-Gips 
June 1955, pp. 209-212 


Wiesbaden), V 8 


Reviewed by H. H. Werner 


that investigations 


into behavior of concrete, and particularly 


Author’s studies show 


artificial stone, regarding temperature ex- 


pansion and contraction, and shrinkage, 


have not been made in wide enough aspect 
and 
fluence durability and tensile bending strength 


Temperature moisture definitely in- 


of concrete products. Therefore, it is im- 
portant to know that not only deformation, 
and internal and system stresses must be in- 
the 


inner structure of the material, the importance 


vestigated, but so should stresses from 
of which has not been fully recognized. The 


latter stresses are predominantly dependant 


on the type ol aggregate used 


Temporary and permanent changes in 
the strength of hardened pozzolana- 
lime and portland pozzolanic cement 
mortars 


K. M. ALEXANDER and J. WarpLaw {ustraliar 
Journal of Applied Scier Melbourne), V. 6, No. 1 
Mar. 1955 pp. 46-60 


AvrHors’ SUMMARY 


the modulus 
rupture of hardened pozzolana-lime mortar 
to 40 the 
the case of specimens 
160 F and tested 


The strength change 


Temporary changes in ol 


prisms can amount percent of 
apparent strength in 


cured in sealed tubes at 
at room temperature 
is caused by the development of internal 
stresses in the mortar as a result of excessive 
drying shrinkage at the surface. The effects 
of vacuum drying at constant temperature 


and of temperature change at constant water 
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content investigated, the accompanying 
the 
flexural and compressive strengths and in the 


are 


permanent and temporary changes in 
length of the specimen being studied in detail 
The significance of these effects in relation- 
ship to strength testing and to the durability 


ol portland-pozzolanic cement concrete is 


considered 


Falling-ball test as a means of testing 
the consistency of concrete (Die Kugel- 
fallprobe als Mittel zur Steifepruefung 
des Betons) 


Rupotr W. Hormann, Der Bauingenieu Berlin 
V. 29, No. 5, May 1954, pp. 160-163 
teviewed by Aron L. Mirsky 
German Industrial Standard (DIN) 1048 


specifies penetration apparatus which is 


owned by few large firms and almost no small 
ones, besides being difficult to transport. A 
simple apparatus was therefore desired. Out- 
come is a test using a freely falling iron ball 
Ball selected weighs 7250 g and is available 
at sports stores or 


gymnasiums (it 1s, Ol 


course, the shotput it falls half a meter from 


a frame, which is easily homemade of four 
boards, onto the horizontal surface of com- 
pacted fresh concrete measuring 30 x 30 x 30 


em in volume, 
Three series of tests were run and the re- 
method was 


the 


sults statistically analyzed: new 


found to give results similar to those of 


standard method 


Study on shrinkage of cellular concrete 
(Etude sur le retait du béton cellulaire) 


R. Senovitier, Revue 





des Matériauz de Construction 
Paris), No 7) 320: No. 471 
Dec. 1954, pp 955, pp. 13-22 
No. 473, Feb 
p L. MELVILLE 
The author reviews sundry existing theo- 


ries Of special interest are Freyssinet’s 


shrinkage varies with the mixing water and 
L’ Hermite’s 


with the normal consistency and the cement 


voids) and shrinkage varies 


factor An experimental series of slabs of 


cellular concrete supported by another slab 


of vibrated concrete) was built with different 


Control shrinkage 


mixes specimens were 
prepared for laboratory study. From the 
study, the findings were divided into two 


In the first one, variables with un- 
kind of ce- 


hydrating water, curing tem- 


groups. 
disputed influence on shrinkage 


ment, fineness, 
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perature, kind and size of aggregates, ad- 
mixtures, kind of test specimen); in the 
second variables with 
influence on shrinkage (cement 
mount of mixing water, capillary phenomena 
due to drying, relative humidity during cur- 
ing, similar shrinkage of gas and foam con- 
crete, duration). 
sults it 


one, controversial 


factor, a- 


From a discussion of the re- 
is concluded that cellular materials 
shrink like heavy cement mortar and con- 
crete with a coefficient of 1.3 to 2.5. Shrink- 
age is a function of aggregates, and ratio by 
weight of sand, cement in mortar, mixing 
admixtures. Curing will not affect 
total shrinkage but will influence its progress 
during drying with possible harmful results. 


water, 


Twelve-hour strength characteristics of 
concrete 
C. Macliwnnis, Ontario Hydro Research News, Hydro- 
Electric Power Commission of Ontario, V. 6, No. 3-4, 
July-Dee. 1954, pp. 1-3 

Numerous early-age strength tests were 
made of a variety of concrete mixes subjected 
to several different curing conditions. A 
summary is given of the relative strengths 
produced by the mixes. Early 
strength is particularly sensitive to additions 
of calcium chloride and also to curing tem- 
perature. Calcium chloride in moderate 
amount doubled the 12-hr strength, and 
strength may be multiplied 12-fold by in- 
creasing the average concrete curing tem- 
perature by less than 40 F. 


various 


An _ investigation into methods of 
carrying out accelerated freezing and 
thawing tests on concrete 
P. J. F. Wricur and J. M. Grecory, Magazine of 
Concrete Research (London), V. 6, No. 19, Mar. 1955, 
pp. 39-47 
Avuruors’ SuMMARY 

It was noted in earlier investigations that 
accelerated freezing and thawing tests on 
concrete using a continuously refrigerated 
room produced results more rapidly than 
similar tests using a cabinet-type refrigerator, 
although in each case the specimens reached 
the same limiting temperatures of about 5 
and 60 F. Attempts were made to modify 
the technique so that results could be ob- 
tained more rapidly in the refrigerator. 

The tests show that damage occurs more 
rapidly when specimens are frozen immersed 
in water than when frozen in air, although the 
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rate of freezing is lower. This suggests that 
evaporation of water from the surface of the 
specimens before freezing may mitigate the 
damage by reducing the stresses developed 
near the when the freezes. 
Little was gained by the use of a brine bath 
surrounding the water-immersed specimens. 

Measurements of the temperatures of the 
specimens during freezing and thawing sug- 
gest that two cycles per day could be carried 


surface water 


out successfully in the refrigerator in place 
of the one cycle per day formerly used. 


Studies in cement-aggregate reaction. 
XXi—Reactivity of various forms of 
silica in relation to the expansion of 
mortar bars 


A. J. Gasxry, R. H. Jones, and H. E. Vivian, 
Australian Journal of Applied Science (Melbourne), 
V. 6, No. 1, Mar. 1955, pp. 78-87 

AvuTuors’ SUMMARY 
silica 


different forms of 


examined for reactivity with alkalies and for 


Several were 


ability to expand mortar. All except macro- 
crystalline quartz caused mortar expansion. 
Cristobalite and fused silica, which have not 
previously been described as reactive, were 
found to cause mortar expansion. 


Studies in cement-aggregate reaction. 
XXll—Effect of fine-ground opaline 
material on mortar expansion 


I. C. Bennett and H. E. Vivian, Australian Journal 


of Applied Science (Melbourne), V. 6, No. 1, Mar 


1955, pp. 88-93 

Autuors’ SUMMARY 
this 
paper as a pozzolan, when added in sufficient 


Finely-ground opal, referred to in 
quantity to a mortar, not only inhibits ex- 
pansion of reactive aggregate, but also in- 
creases the tensile strength of the mortar. 
Although calcination at temperatures up to 
900 C greatly increases the ease of grinding 
the opal, the reactivity of the opal is de- 
creased slightly but significantly. 


Studies in cement-aggregate reaction. 
XXIll—Effect of superincumbeni load 
on mortar bar expansion 


J. K. McGowan and H. E. 
Journal of Applied Science (Melbourne), V. 
Mar. 1955, pp. 94-99 


Vivian, Australian 
’, 6, No. 1, 


AvuTuors’ SUMMARY 

The expansion of mortar bars subjected 
to various superincumbent loads was studied. 
Results showed that the magnitude of load 
affects (1) aggregate reaction and expansion, 
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(2) crack initiation and propagation, and (3) 
the crack patterns of expanding mortars. 


Studies in cement-aggregate reaction. 
XXIV—Restoration of cracked mortar 
which has deteriorated through alkali- 
aggregate reaction 
J. A. Roperts and H. E. Vivian, Australian Journal 
of Applied Science (Melbourne), V. 6, No. 1, Mar. 
1955, pp. 100-104 

AvutTuors’ SUMMARY 
and 
expanded mortar can be achieved by “grout- 
ing’ with a solution of sodium silicate. Such 
treatment also markedly reduces the pene- 


Restoration of strength of cracked 


tration of mortar by water under pressure. 


Effect of water-cement ratio on the 
contribution made by powdered ad- 
mixtures to the strength of blended 
portland cement mortars 
K. M. Atexanper, Australian Journal of Applied 
Science (Melbourne), V. 6, No. 1, Mar. 1955, pp. 61-77 
AUTHOR'S SUMMARY 
Determinations of modulus of rupture and 
compressive strength were made on portland 
cement mortars containing up to 65 percent 
of powdered admixture. A strongly pozzo- 
lanic admixture, a weak pozzolan, and an 
inert admixture were studied in both plastic 
and dry mortars. The strength of the blends 
increased relative to that of the straight port- 
land cement when the water contents of the 
mortars were reduced, giving rise to apparent 
pozzolanic activity in inert admixtures at 
low water-cement ratios. The observations 
are explained by considering both the physical 
and chemical aspects of pozzolanic activity. 
A study is made of the principles involved in 
applying water-cement ratio-strength rela- 
tionships to blended cements. An equation 
is given which allows the strength of blended 
portland cements containing high propor- 
tions of inert admixture to be predicted from 
data obtained at low replacement levels. 
The relationship applies to both dry and 
plastic mixes. 


Significance of compression tests (in 
Dutch) 
8. J. 
Apr. 1955, pp. 68-71 

Reviewed by Jonn W. T. Van Erp 


Mein, Cement (Amsterdam), V. 7, No. 3-4, 


Compression tests have become the uni- 
versal test method by 
strength of concrete is judged. 


which compressive 
This is due 
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mostly to the simplicity of the test method. 
It is 


tests 


questionable, however, whether the 


actually do indicate compressive 


strength. Failure of the test specimen, and 
test 


(as compared to test cylinders), is rarely a 


this holds true particularly for cubes 
compression failure but nearly always a shear 
or diagonal tension failure. Failure of the 
specimen at ultimate compressive load is 
usually quite a different type of failure than 
that of actual structures in load tests. 


Measuring of capillary water absorp- 
tion in cement mortar (Zur Messung 
der kapillaren Wasserabsorption des 
ZementmGrtels) 


GENTARO TSUNEYAMA 


Zement-Kalk-Gips 
baden), V. 8, No. 4, 


Apr. 1955, pp. 113-118 
AUTHOR'S SUMMARY 


Wies- 


Described is a device equipped with an 
absorption pipe which contains water to be 
absorbed by a sample under 3 mm pressure 
This way contact absorption (A,), subsequent 
absorption (A,), and evaporation E are 
measured. 

The capillary absorption of a 1:3 cement 
mortar was measured after 7 and 28 days 
storage in water or moist air. 


tion (A, + 


Total absorp- 
total A.) of the sample stored in 
moist air was higher than that of the sample 
stored in water; also total absorption of the 
sample stored in water for 7 days was higher 
than that of the sample stored in water for 
28 days. 


in moist air is higher than that of the sample 


The value A, of the sample stored 


stored in water. 


Micrometer method for determining 
length changes of mortar specimens 
in sealed containers 


K. M. Atexanper, Australian Journal of Applied 
Melbourne), V. 6, No. 1, Mar. 1955, pp. 41-45 


AUTHOR'S SUMMARY 


Science 


A procedure is described which enables 
low water-cement ratio mortars to be molded, 
fitted with reference points, sealed into con- 
tainers, measured, and weighed within a few 
minutes of completing the mixing process. A 
micrometer comparator and fiducial indicator 
are used to measure length changes to the 

0.0001 in. 
from 


nearest without removing speci- 


The 
method is suitable for investigating the in- 


mens their curing containers. 


fluence of pozzolans on drying shrinkage at 
early ages, and can also be applied to the 
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problem of assessing the volume stabilities of 
portland-pozzolanic and pozzolan-lime cement 
mortars stored for prolonged periods without 
loss of curing water. 


High strength concrete technology (La 
technologic du béton 4 haute résist- 
ance) 
A. Hummen, Revue des Matériaux de Construction 
(Paris), No. 474, Mar. 1955, pp. 79-86 
Reviewed by Pxitur L. MELVILLE 

A study of methods of obtaining high 
strength concrete (around 10,000 psi) by 
control of water-cement ratio and compac- 
tion. A systematic graphical study shows 
that the desired concrete (minimum voids 
and water) will be cement rich (1 part ce- 
ment to 4 parts aggregate by weight). Field 
applications are discussed and it is concluded 
that “according to the principles, granulo- 
metric composition of the aggregate has no 
effect on the crushing resistance.” 


Experimentation with waterproof con- 
crete (Neve Erfahrungen mit wasser- 
dichtem Beton) 
Hetmur Carp, Beton- und Stahlbetonbau (Berlin), 
V. 50, No. 5, May 1955, pp. 136-139 

Reviewed by Vatpis Lapsins 

Several waterproofing methods have been 
developed that considerably prevent water 
from penetrating into the pores of concrete. 
Others are still being investigated to further 
the research of the problem. 

Method for waterproofing concrete that 
article describes consists of adding 5 to 7.5 
percent powdered stone to the regular con- 
crete mix. Aggregate size of the powder is 
smaller than 0.2 mm, and it is added in 
varied quantities on different experimental 
construction projects. Experience gained 
from previous applications on jobs here ex- 
plained verify favorable waterproofing re- 
sults. 


Structural research 


Tests on scale model of shell roof (in 
Dutch) 
A. M. Haas and A. L. Bouma, Cement (Amsterdam), 
No. 23-24, 1954, pp. 340-436 
Reviewed by Joun W. T. Van Erp 
Tests were made to verify theoretical 
analysis such as the reiterative method by 
A. Jacobsen. The model of a cylindrical 


November 1955 


shell of 3/16-in. steel plate was 1/20 scale. 
After fabrication the model was heated and 
drawn to relieve residual stresses. Loads 
were applied by air pressure in a rubber 
bottomed box fitted on the shell. Results 
checked closely with above theory and some- 
what less close with simplified methods of 
design. Tests results were statistically 
analyzed and standard deviations of obser- 
vations were determined (maximum 5.3 per- 
cent). Prestressed concrete was found to 
have a closer similarity to the behavior of 
the steel model than conventional concrete. 


Tests of large diameter reinforced 
concrete pipe 
Joun G. Henpricxson, Jr., Bulletin No. 102: ‘Tests 
on Large Culvert Pipe,” Highway Research Board, 
May 1955, pp. 1-11 

A number of tests have been made on 
84-in. diameter pipe. The three-edge bear- 
ing test was selected as the easiest method of 
loading. Various systems for reinforcing 
the pipe were used, including the standard 
type normally used in production and a 
method of shear reinforcement developed by 
Howard F. Peckworth of the American Con- 
crete Pipe Assn. These tests indicate that 
some type of shear reinforcement is desirable 
in larger pipe sizes if the full strength of the 
pipe is to be developed. Without shear rein- 
forcement, failure due to shearing stresses 
occurs before the tension reinforcement has 
begun to carry its design load, particularly 
in heavily reinforced pipe. The special shear 
reinforcement enables more efficient use of 
the tensile reinforcement as well as permitting 
an increase in the crushing strength of large 
diameter pipe without an increase in the wall 
thickness. 


Experiments on the strength of rein- 
forced and prestressed concrete beams 
and of concrete-encased steel joists in 
combined bending and torsion 


Henry J. Cowan and Stewart ARMSTRONG, Magazine 
of Concrete Research (London), V. 6, No. 19, Mar. 
1955, pp. 3-20 

AvutTuors’ SUMMARY 


A series of reinforced and prestressed con- 


crete beams and concrete-encased steel joists 
was tested in combined bending and torsion, 
with ratios of bending moment to twisting 
moment varying from pure bending to pure 
torsion. In all, 33 full-size beams were 
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tested. Measurements of deflections and 
strains due to bending and to torsion were 
made at selected points. The agreement be- 
tween theory and experiment was generally 
good. 

Two distinct types of failure can be dis- 
tinguished in beams subject to combined 


bending and torsion. A primary torsion 


failure occurs with a cleavage fracture normal 
It is 
governed by the criterion of a constant maxi- 


to the direction of the principal tension. 


mum tensile stress. In bending, tension 


failure is prevented by the steel, and a 
primary bending failure therefore results in 
the crushing of the concrete on the com- 
pression Iace. 

In reinforced concrete and concrete-en- 
cased steel beams the addition of bending in- 
creases the resistance to torsion. 

The paper concludes with detailed recom- 
mendations for the design of reinforced and 
prestressed concrete beams and concrete- 
encased rolled steel joists in torsion, and in 


combined bending and torsion. 


General 


Dynamic vibration of concretes—Ap- 
plication of acoustical methods of 
determining some mechanical char- 
acteristics (in French) 


H. DepeLsenaire, Travaur (Paris), No. 240, Oct. 1954, 


pp. 753-762 


JACKSON 


Reviewed by M. W. 


teports a research investigation of a series 
of concrete cylinders about 7 in. in diameter, 
20in. long. The test apparatus consists of an 


electromagnetic exciter acting on a_ test 
cylinder; the vibrations are transformed into 
electrical potential, amplified, and measured 
by an electronic voltmeter controlled by a 
Many 
were investigated and results presented. The 
this 
sents a complementary, nondestructive means 


cathode-ray oscillograph. variables 


final conclusion was that method pre- 


of control of concrete, without supplanting 
more precise, destructive methods of test. 


Quality control of concrete (in Danish) 


Niets M. Pium, Beton og Jernbeton (Copenhagen), 
V. 5, No. 1, Jan. 1953, p. 3 
Reviewed by T. Hermansen 


effective 
quality control with analysis of cost factors 
involved. Also 


Presents suggestions for more 


reports statistical studies 


to show that a more uniform concrete strength 
should justify a smaller ratio between work- 
ing stress and ultimate strength with conse- 
quent economy 


300-ton electronic compression tester 
(in Dutch) 


C. VAN peR VEEN, Cement 
1954, pp. 344-345 


Amsterdan 


Reviewed by Joun W. T. Van Erp 


The rate of pressure increase has consider- 


able influence on the outcome of com- 


should be 


as close as possible to the specified 


pression tests; therefore, this rat 
kept 
magnitude—29-43 psi per sec in The Nether- 
lands. In the majority of testing machines 
the pressure is applied by a hydraulic medium 
The 


fluid flows through narrow tubes and due to 


and the pressure therein is measured 


its high viscosity there is always a time lag 
between the actual pressure on the specimen 
This 


has been overcome in the above mentioned 


and the pressure indicated on the dial 


machine by having a set of strain gages in- 
which 
These 


strain gages are incorporated in a Wheatstone 


corporated in the pressure plunger 


permit direct indication of pressure 


bridge, and its potentiometer is varied at a 
constant rate by a small motor. As long as 
the pressure increase on the plunger is such 
that the voltmeter of the Wheatstone bridge 
is kept at 
that of the potentiometer and is 
The 


electronically 


zero the rate of increase matches 
constant. 
breaking point of the specimen 1s 
Machines of this 


type have been in use for over a 


recorded 
vear and 


performance has been accurate and reliable 


Thin shells. 
and forms 
Thin shells. 
forces 

Thin shells. 
abroad 
Mario G. SALVADORI ectural Re re 


Airc} 1 
No. 1, July 1954, pp. 173-179; No 
pp. 212-217; No. 5, Nov. 1954, pp. 217-223 


1—Structural behavior 
2—Effects of loads and 


3—Examples here and 


The first article introduces the fundamental 
shell 
geometry 


ideas behind 


shell 
a detailed study of 


structural construction 


The 


the forces and 


and shows second 
article is 
loads acting on thin shells together with a 
rational approach to their stress distribution 
In the final article some typical and some 


extraordinary examples of thin shell design 
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material and construc- 
This 


takes into account both the architectural as- 


are presented, and 


tion problems are considered. series 
pects of form and the engineering problems of 
strength. It presents shell behavior in fairly 
simple terms while also discussing some of 
the fine points of theory and practice. 


Experimental instruction in reinforced 
concrete, 1953-1954 _ session. l. 
Generalities relative to tests made and 
general comments developed in the 
course of the sessions 
P. Lesetite, Supplement to Annales de L’Institut 
Techniqr ue du Bdtiment et des Travaux Publics (Paris), 
V. 8, No. 84, Dee. 1954, Concrete and Reinforced 
Cone rete Series No. 30 

Reviewed by C. P. Stess 


a number of tests on rein- 


members 
demonstrations for a series of 


During 1954, 
forced concrete were made as 
instructional 
sessions. Paper outlines the general nature 
of the tests and lists certain broad conclusions; 
details of the tests will be presented in sub- 
sequent issues. In addition, the question of 
moment redistribution is discussed and the 
use of elastic theory is criticized in relation 
to limit design. One section is devoted to a 
discussion of precautions to be taken in the 
interpretation of load tests on floors. One 
appendix presents an analysis and tests of a 
beam having reinforcement at 
another 
stants for haunched beams, 


two levels, 
formulas for elastic con- 
and the third 
presents an analysis of elastic buckling of a 
column fixed at the base and carrying a beam 
reaction through a roller segment at its top, 
as in the; Sullivan Park Bridge failure in 
Boston (1952). 


presents 


Experimental instruction in reinforced 


concrete, 1953-1954 session. Il. 
Calculation of ultimate strength of 
reinforced concrete slabs 


P. Lesette, Supplement to Annales de I'Institut 
—— vue du Badtiment et des Travaux Publics (Paris), 

zs Qo. 85, Jan. 55, Concrete and Reinforced 
bs oncrete Series No. 


Reviewed by C. P. Siess 

Considers failure of plates by flexure and 
by punching. For failure in flexure, Johan- 
sen’s “rupture line’ theory is considered. 
A new “pressure cone’’ hypothesis is advanced 
to explain punching failures. A number of 
cases of square, circular, and polygonal plates 
under various loadings are analyzed by the 
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“stress relief’’ theory, a type of limit analysis. 
Results of tests will be included in a subse- 
quent publication. Also included is a transla- 
tion into French of E. Hognestad’s paper 
“Yield-Line Theory for the Ultimate Flexural 
Strength of Reinforced Slabs’’ (ACI Journat, 
Mar. 1953, Proc. V. 49, pp. 637-656). 


Welded splices of reinforcing bars (in 
Dutch) 


G. Smit, Cement (Amsterdam), No. 
338-341 


19-20, 1954, pp. 


Reviewed by Joun W. T. Van Erp 


Standards for welding of reinforcing bars 
have been set in The Netherlands reinforced 
concrete code. Two methods are specified, 
a resistance weld and an areweld. The first 
method is a buttweld of the bars which have 
to have finished and clean and are 
pressed together as the passing current welds 
them together. The second method brings 
the bars close together without touching and 


ends 


uses an are to heat the bars which are pressed 
together after the current is shut off. Both 
methods are performed by machines but the 
second method*is more foolproof and better 
suited to the rough conditions in the con- 
struction yard. Although careful welding 
will always develop 100 percent of the bar 
strength, the average weld on the building 
site is less and welds should@ not be located 
where the bars are fully stressed. 


countries’ 
reinforced 


Comparison of various 
building regulations for 
concrete (in Danish) 
ante LARSEN, Beton og Jernbeton (Copenhagen), V. 4, 
No. 3, July 1952, p. 73 
Reviewed by T. HeRMANSEN 

Article is based on a preliminary report by 
Economic Commission for Europe, Housing 
Subcommittee, Feb. 27, 1951. Questionnaires 
with 19 questions regarding reinforced con- 
crete design practice were answered by 
officials of France, Holland, Norway, Swit- 
zerland, Great Britain, Denmark, Italy, and 
Austria. Except for the = E,/E. 
for which nearly all countries used the con- 
stant value 15, the 
regulations vary within wide ranges. 
country did not allow the use of deformed 
bars nor compression steel. Only a few 
regulations gave rules for the design of sec- 
tions subjected to torsion. 


ratio n 


answers show that the 
One 
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Major topics included in proposed changes in the 
ACI Building Code are ultimate strength de- 
sign, design of flat slabs and columns, shear design, 
load tests, air entrainment and mix proportioning, 
quality control, and precast concrete. 
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EDITORIAL NOTE 


Except for section titles, unchanged text in sections of the Building 
Code in which changes are proposed appears in light face type. Lan- 
guage of the Code which it is proposed to change or delete is shown in 
italics followed by the new wording in boldface type. Both the present 
and proposed versions of Table 302(a) and Table 305(a) are given in 
their entirety to avoid the possibility of confusion. Chapter 10 has 
been entirely rewritten; Chapter 13 and the Appendix are new additions 
to the Code. Therefore, boldface and italic type have not been used 
in these sections, but the proposed new material is printed in light 
face type in its entirety. 


*Title No. 52-26 is a part of copyrighted JouRNAL or THE AMERICAN Concrete INstirure, V. 27, No. 4, Dec 
1955, Proceedings V. 52. Separate prints are available at 75 cents each. Discussion (copies in triplicate) should 
reach the Institute not later than Apr. 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich. 

The Standards Committee was unable to complete its review prior to publication deadline. Action of the 
Standards Committee will be reported in a subsequent issue of the JouRNAL. 
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SUMMARY OF PROPOSED REVISIONS 


The most important change proposed for the ACI Building Code is the 
recognition of the ultimate strength method for design of sections. An 
appendix has been added giving criteria for this method. 


The revised version of the chapter on flat slabs will have a greater 
practical value since it gives requirements in more detail, particularly when 
the design is made by the empirical method, and includes flat plate and slab 
band systems. The division in scope between shallow two-way beams 
with two-way slabs and flat slab “slab bands’’ is rigorously defined. 


The chapter on column design has been largely revised. Formulas for 
concrete filled pipe columns and columns with eccentric load have been 
simplified. 


New provisions for shear increase reinforcement for diagonal tension 
near points of contraflexure. More reinforcement is required, particularly 
in the portions of beams which are lightly reinforced and in beams without 
an integrally cast slab. 


Other important minor revisions concern proportioning, control, and 
testing for concrete quality, provision for radiant heat pipes in structural 
concrete slabs, and bending moment coefficients. The value of air en- 
trainment for durability is recognized; statistical methods are considered 
in evaluation of cylinder tests; and a more comprehensive procedure 
for load tests is outlined complete with criteria appropriate for the element 
tested. 





A new chapter presents the special requirements for precast concrete. 
The new synopsis and the scope specifically extend the application of this 
code to special structures for which ACI standards exist—EDITOR 


SYNOPSIS 


This code covers the proper design and construction of buildings of rein- 
forced concrete. In such structures as arches, tanks, reservoirs, and 
chimneys where specialization relates principally to the mechanics of 
design and details of construction, the provisions of this code may be 
applied with the modifications necessary to suit the special conditions. 
It is written in such a form that it may be incorporated verbatim or adopted 
by reference in a general building code, and earlier editions of it have been 
widely used in this manner. 


Among the subjects covered are: quality of concrete; allowable stresses; 
mixing, placing, curing, and cold weather protection of concrete, forms; clean- 
ing, bending, placing, splicing, and protection of reinforcement; construction 
joints; general design considerations; flexural computations; shear and dia- 
gona] tension; bond and anchorage; flat slabs; columns and walls; and footings. 
The quality and testing of materials used in the construction are covered by 
references to the appropriate ASTM standard specifications. 
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CHAPTER 1—GENERAL 


101—Scope 
(6) With the exception of Section 103, the provisions of this code 
are not intended to apply to prestressed concrete. 


104—Definitions 

Deformed bar—A reinforcing bar conforming to the “Standard Speci- 
fications for Minimum Requirements for the Deformations of Deformed 
Steel Bars for Concrete Reinforcement” (ASTM Designation: <A 305). 
Bars not conforming to these specifications shall be classed as plain bars. Wire 
mesh with welded intersections not farther apart than 6 in. in the direction 
of the principal reinforcement and with cross wires not smaller than No. 10 
W. & M. AS & W gage may be rated as a deformed bar. 

Plain bar—Reinforcement which does not conform to the definition 
of deformed bar shall be classed as a plain bar. 

Precast concrete—A plain or reinforced concrete building element 
cast in other than its final position in the structure. 

Prestressed concrete—Concrete in which there have been introduced 
internal stresses of such magnitude and distribution that the stresses 
resulting from service loads are counteracted to a desired degree. In 
reinforced concrete the prestress is commonly introduced by tension- 
ing the reinforcement. 


105—ASTM specifications cited in this code* 

A7-49T 53T Tentative Specifications for Steel for Bridges and Buildings 

Al5-50T 54T Tentative Specifications for Billet-Steel Bars for Concrete Reinforce- 
ment 

Al6-50T 54T Tentative Specifications for Rail-Steel Bars for Concrete Reinforcement 

44-41 Standard Specifications for Cast Iron Pit-Cast Pipe for Water or Other 

Liquids 

A82-34 Standard Specifications for Cold-Drawn Steel Wire for Concrete Re- 
inforcement 

A160-50T 54T Tentative Specifications for Axle-Steel Bars for Concrete Reinforcement 

A184-37 Standard Specifications for Fabricated Steel Bar or Rod Mats for 
Concrete Reinforcement 

\185-37 54T Standard Tentative Specifications for Welded Steel Wire Fabric for 
Concrete Reinforcement 

A305-50T 53T Tentative Specifications for Minimum Requirements for the Deforma- 
tions of Deformed Steel Bars for Concrete Reinforcement 

A377-54T Tentative Specifications for Cast Iron Pressure Pipe 

C31-49 Standard Method of Making and Curing Concrete Compression and 
Flexure Test Specimens in the Field 

C33-49 Standard Tentative Specifications for Concrete Aggregates 

C39-49 Standard Method of Test for Compressive Strength of Molded Con- 
crete Cylinders 

C42-49 Standard Methods of Securing, Preparing and Testing Specimens from 
Hardened Concrete for Compressive and Flexural! Strengths 

*The ASTM specifications listed were the latest editions at the time this code was prepared. Since these speci 


fications are frequently revised, generally in minor details only, the user of this code should check directly wit! 
the ASTM if it is desired to refer to the latest editions 
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C94-48 54T Standard Tentative Specifications for Ready-Mixed Concrete 

C130-42 Standard Specifications for Lightweight Aggregates for Concrete 

C150-49 53 Standard Specifications for Portland Cement 

C172-54 Standard Method of Sampling Fresh Concrete 

C175-53 Standard Specifications for Air-Entraining Portland Cement 

C192-49 54 Standard Method of Making and Curing Concrete Compression and 
Flexure Test Specimens in the Laboratory 

C260-54 Standard Specifications for Air-Entraining Admixtures for 
Concrete 

C330-53T Tentative Specifications for Lightweight Aggregates for Struc- 
tural Concrete 


CHAPTER 2—MATERIALS AND TESTS 
201—Tests 

(c) Tests for safe load ratings for reinforced concrete constructions 
which are subject to approval under the test load procedures in Sec- 
tion 103 shall be made at an age not greater than the minimum age 
at which the construction is to be put in service or is assumed to have 
the design strength (usually 28 days). 

(d) A load test of an existing structure to determine its adequacy 
(stiffness and strength) for the intended use shall not be made until 
the portion subjected to the load is at least 56 days old, unless the 
owner of the structure agrees to the test being made at an earlier 
age. 
202—Load tests of existing structures 

(a) When a load test is required, the member or portion of the structure under 
consideration shall be subject to a superimposed load equal to two times the live 
load plus one-half of the dead load. This load shall be left in position for a period 
of twenty-four hours before removal. If, during the test, or wpon removal of the 
load, the member or portion of the structure shows evident failure, such changes or 
modifications as are necessary to make the structure adequate for the rated capacity 
shall be made; or else, where lawful, a lower rating may be established. The 
structure shall be considered to have passed the test if the maximum deflection at 
the end of the twenty-four hour period does not exceed the value of D as given in 
the following formula: 

L? 
12,000 t 
in which all terms are expressed in the same units. 

(a) When a load test is required and the whole structure is not to 
be tested, the portion of the structure thought to provide the least 
margin of safety shall be selected for loading. Prior to the applica- 
tion of the test load, a load which simulates the effect of that portion 
of the design dead load which is not already present shall be applied 
and shall remain in place until after a decision has been made re- 
garding the acceptability of the structure. The test load shall not 
be applied until the structural members to be tested have borne the 
full design dead load for at least 48 hr. 


D = 
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(b) If the deflection exceeds the value of D as given in formula (1), the con- 
struction shall be considered to have passed the test if within twenty-four hours 
after the removal of the load the residual deflection does not exceed either forty 
percent of the maximum deflection observed under load or sixty percent of that 
given by formula (1). Under no circumstances will the construction be considered 
acceptable if the deflection under load exceeds three times that given by the formula. 

(b) Immediately prior to the application of the test load, the nec- 
essary initial readings shall be made for the measurements of de- 
flections (and strains, if these are to be determined) caused by the 
application of the test load. The members selected for loading shall 
be subjected to a superimposed test load of two times the design live 
load, but not less than 80 psf for floor construction nor less than 60 
psf for roof construction. The superimposed lozd shall be applied 
without shock to the structure and in a manner to avoid arching of the 
loading materials. Unless otherwise directed by the Building Official, 
the load shall be distributed to simulate the distribution of the load 
assumed in the design. 


203—Loading and criteria of acceptability 

The test load shall be left in position for 24 hr when readings of 
the deflections shall again be made. The test load shall be removed 
and additional readings of deflections shall then be made 24 hr after 


the removal of the test load. The following criteria shall be used in 
determining conformity with the load test requirements. 


(a) If the structure shows evident failure, the changes or modi- 
fications needed to make the structure adequate for the rated capacity 
shall be made; or a lower rating may be established. 

(6) A structure shall be considered to conform to the load test 
requirements if there is no evidence of failure and the maximum de- 
flection does not exceed: 

12,000 t 
in which all terms are in the same units. 


.(1) 


(c) The maximum deflection of a floor or roof construction shall 
not exceed the limit in Table 203(c) considered by the Building Official 
to be appropriate for the construction. 


TABLE 203(c)—MAXIMUM ALLOWABLE DEFLECTION 


Construction Deflection 


Cantilever beams and slabs 2/1800 t 
Simple beams and slabs 2/4000 t 
Beams continuous at one support and slabs continuous at one 

support for the direction of the principal reinforcement 2/9000 t 
Flat slabs (L = the longer span) 10,000 ¢ 
Beams and slabs continuous at the supports for the direction 

of the principal reinforcement -/10,000 ¢ 
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(d) The maximum deflection shall not exceed L/180 for a floor con- 
struction intended to support or to be attached to partitions or other 
construction likely to be damaged by large deflections of the floor. 

(e) Within 24 hr after the removal of the test load the recovery 
of deflection caused by the application of the test load shall be at 
least 75 percent of the maximumd eflection if this exceeds L*/12,000 t. 
However, constructions failing to show 75 percent recovery of the de- 
flection may be retested at the option of the owner. The second test 
loading shall not be made until at least 72 hr after the removal of 
the test load for the first test. The maximum deflection in the retest 
shall conform to the requirements of Sections 203(c) and (d) and the 
recovery of deflection shall be at least 75 percent. 


203 204—Supervision 


204 205—Portland cement 
(a) Portland cement shall conform to the ‘Standard Specifications for 


Portland Cement’? (ASTM Designation: C 150) or ‘‘Specifications for 
Air-Entraining Portland Cement’’ (ASTM C175). 


205 206—Concrete aggregates 

(a) Concrete aggregates shall conform to the ‘Standard Specifications 
for Concrete Aggregates” (ASTM Designation: C 33), or to the “Standard 
Specifications for Lightweight Aggregates for Structural Concrete’? (ASTM 
Designation: C 130 C 330), except that aggregates failing to meet these 
specifications but which have been shown by special test or actual service to 
produce concrete of the required quality may be used under Section 302(a) 
Method 2, where authorized by the Commissioner of Buildings Building Offi- 
cial. 


206 207—Water 


207 208—Metal reinforcement 

(a) Reinforeing bars shall conform to the requirements of the ‘Standard 
Specifications for Billet-Steel Bars for Concrete Reinforcement’? (ASTM 
Designation: A 15), “Standard Specifications for Rail-Steel Bars for Concrete 
Reinforcement”? (ASTM Designation: A 16), or “Standard Specifications for 
Axle-Steel Bars for Concrete Reinforcement’? (ASTM Designation: A 160) 
or ‘‘Specifications for Fabricated Steel Bar or Rod Mats for Concrete 
Reinforcement’’ (ASTM A 184). Deformations on deformed bars shall 
conform to “Standard Specifications for Minimum Requirments for the 
Deformations of Deformed Bars for Concrete Reinforcement’? (ASTM 
Designation: A 305). 

(d) Cast-iron sections for composite columns shall conform to the ‘Stand- 
ard Specifications for Cast Iron Pit-Cast Pressure Pipe for Water and Other 
Liquids” (ASTM Designation: A 44 A 377). 


208 209—Storage of materials 
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CHAPTER 3—CONCRETE QUALITY AND ALLOWABLE STRESSES 
301—Concrete quality 
(b) No concrete exposed to the action of freezing weather shall have a wate 
content exceeding six gallons per sack of cement. 
(b) Concrete without air entrainment which will be exposed to the 
action of freezing weather shall have a water content not exceeding 
6 gal. per sack of cement.* 


302—Methods for determining strength of concrete 

(a) The determination of the proportions of cement, aggregate, and 
water to attain the required strengths shall be made by one of the following 
methods: 

Method 1—Concrete made from average materials: 

When no preliminary tests of the materials to be used are made, the water content per sack of 


cement shall not exceed the values in Table 302(a Method 2 shall be employed when artificial 


aggregates or admixtures are used. 


TABLE 302(a)—ASSUMED STRENGTH OF CONCRETE MIXTURES—PRESENT CODE 





Water content, U. S. gallons Assumed compressive strength 
per 94-lb. sack of cement at 28 days, psi 


7% 2000 
634 2500 
6 3000 
5 3750 





Nore—In interpreting this table, surface water carried by the aggregate must be included as part of 
the mixing water in computing the water content. 


Method 1—-Without preliminary tests 


Where preliminary test data on the materials to be used in the concrete are not 
available, the water-cement ratio shall not exceed the values shown in Table 302(a).t 
When lightweight aggregates or admixtures (other than those exclusively for the 
purpose of entraining air) are used, the required water-cement ratio shall be deter- 
mined in accordance with Method 2. 


TABLE 302(a)—PERMISSIBLE WATER-CEMENT RATIOS FOR CONCRETE 
—PROPOSED REVISION 


Maximum permissible water-cement ratio, U.S 
gal. per 94-lb sack of cement* 
Specified minimum 
compressive strength at Non-air-entrained \ir-entrained 
28 days, psi concrete concrete 


2000 84 
2500 734 
3000 7 
3500 ) 
1000 

4500 

5000 


*Including free surface moisture on aggregates 


*Detailed recommendations for quality of concrete and requirements for air content for various 
exposures are given in ‘‘Recommended Practice for Selecting Proportions for Concrete’’ (ACI 613). 

tThe tabulated water-cement ratios are more conservative than those given in ACI 613 and will 
generally produce appreciably higher strengths than indicated. 
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Method 2—Controlled concrete: 


Water content other than shown in Table 302(a) may be used provided that the strength-quality 
of the concrete proposed for use in the structure shall be established by tests which shall be made in 
advance of the beginning of operations, using the consistencies suitable for the work and in accord- 
ance with the “Standard Method of Making and Curing Concrete Compression and Flexure Test 
Specimens in the Laboratory’? (ASTM Designation: C 192) and with the ‘‘Standard Method of 
Test for Compressive Strength of Molded Concrete Cylinders (ASTM Designation: C 39). A 
curve representing the relation between the water content and the average 28-day compressive strength 
or earlier strength at which the concrete is to receive its full working load, shall be established for a 
range of values including all the compressive strengths called for on the plans. 

The curve shall be established by at least three points, each point representing average values 
from at least four test specimens. The maximum allowable water content for the concrete for the 
structure shall be as determined from this curve and shall correspond to a strength which is fifteen 
percent greater than that called for on the plans. No substitutions shall be made in the materials 
used on the work without additional tests in accordance herewith to show that the quality of the 
concrete is satisfactory. 


Method 2—With preliminary tests 


Water-cement ratios or strengths greater than shown in Table 302(a) may be used 
provided that the relationship between strength and water-cement ratio for the 
materials to be used has been previously established. Where previous data are not 
available concrete of proportions and consistency suitable for the work shall be made 
using at least three different water-cement ratios which will produce a range in 
strengths encompassing those required for the work. These tests shall be made in 
accordance with the procedure given in the appendix to ‘‘Recommended Practice for 
Selecting Proportions for Concrete’? (ACI 613). For each water-cement ratio, at 
least three specimens shall be made and cured in accordance with the ‘‘Method of 
Making and Curing Concrete Compression and Flexure Test Specimens in the 
Laboratory’’ (ASTM C 192) and tested for strength in accordance with the ‘‘Method 
of Test for Compressive Strength of Molded Concrete Cylinders’? (ASTM C 39). 

The strength tests shall be made at 28 days or the earlier age at which the con- 
crete is to receive its full working load, as indicated on the plans. A curve shall be 
established showing the relationship between water-cement ratio and compressive 
strength. The maximum permissible water-cement ratio for the concrete to be 
used in the structure shall be that shown by the curve to produce a strength 15 per- 
cent greater than called for on the plans, except when a lower value of the water 
content is required by Section 301(b). Where different materials are to be used for 
different portions of the work, each combination shall be evaluated separately. 


303—Concrete proportions and consistency 

(6) The methods of measuring concrete materials shall be such that the 
proportions can be accurately controlled and easily checked at any time 
during the work.* Measurement of materials for ready mixed concrete shall 


conform to the “Standard Specifications for Ready-Mixed Concrete’ (ASTM 
Designation: C 94) 


304—Strength tests on of concrete 


(a) The Commissioner of Buildings may require a reasonable number of 
tests to be made during the progress of the work. Not less than three specimens 
shall be made for each test, nor less than one test for each 250 cu yd of concrete. 


Ww hevever practicable such measurement shall be by weight rather than by volume. 


*Detailed tions for proportioning concrete other than a concrete are given 
in “Recommended Practice for Selecting Proportions for Concrete” (ACI 6 
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Specimens shall be made and cured in accordance with the “Standard Method 
of Making and Curing Concrete Compression and Flexure Test Specimens in 
the Field” (ASTM Designation: C 31). Specimens shall be cured under 
laboratory conditions except when, in the opinion of the Commissioner of Build- 
ings, there is a possibility of the air temperature falling below 40 F, he may 
require the specimens to be cured under field conditions. Specimens shall be 
tested in accordance with the ‘‘Standard Method of Test for Compressive Strength 
of Molded Concrete Cylinders” (ASTM Designation: C 39). 

(a) The Building Official may require a reasonable number of tests 
to be made during the progress of the work. At least three specimens 
shall be made for each test, and not less than one test shall be made 
for each 250 cu yd of concrete, but in no case shall there be less than 
one test for each day’s concreting. Samples from which compression 
test specimens are molded shall be secured in accordance with the 
‘Method of Sampling Fresh Concrete’? (ASTM C172). Specimens 
made to check the adequacy of the design for strength of concrete or 
as a basis for acceptance of concrete shall be made and laboratory 
cured in accordance with the ‘‘Method of Making and Curing Concrete 
Compression and Flexure Test Specimens in the Field’’ (ASTM C 31). 
Additional tests of specimens cured entirely under field conditions 
may be required by the Building Official to check the adequacy of 
curing and protection of the concrete during cold weather. Strength 
tests shall be made in accordance with the ‘‘Method of Test for Com- 
pressive Strength of Molded Concrete Cylinders’? (ASTM C 39). 

(b) The standard age of test shall be 28 days, but 7-day tests may be used 
provided that the relation between the 7- and 28-day strengths of the concrete is 
established by tests for the materials and proportions used. 

(6) The age for strength tests shall be 28 days, or, where specified, 
the earlier age at which the concrete is to receive its full working 
load. Additional tests may be made at earlier ages to obtain advance 
information on the adequacy of strength development where age- 
strength relationships have been established for the materials and 
proportions used. 

(c) If the average strength of the laboratory control cylinders for any portion 
of the structure falls below the compressive strength required by the design, the 
Commissioner of Buildings shall have the right to order a change in the propor- 
tions or the water content of the concrete for the remaining portions of the struc- 
ture. If the average strength of the cylinders cured on the job falls below the re- 
quired strength, the Commissioner of Buildings shall have the right to require 
changes in the conditions of temperature and moisture necessary to secure the 
required strength. 

(c) To conform to the requirements of these specifications, the 
average strength of the laboratory cured specimens representing 
each class of concrete as well as the average of any five consecutive 
strength tests representing each class of concrete shall be equal to, 
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or greater than, the specified strength, and not more than one strength 
test in ten shall have an average value less than 90 percent of the 
specified strength. When it appears that tests of laboratory cured 
cylinders will fail to meet this requirement the Building Official shall 
have the right to order a change in the proportions or the water-ce- 
ment ratio of the concrete sufficient to increase the strength to the 
specified value. The strengths of cylinders cured on the job are in- 
tended to indicate the adequacy of protection and curing of the con- 
crete and may be used to determine when forms may be stripped, 
shoring removed, or the structure placed in service. When, in the 
opinion of the Building Official, the strengths of the job cured cylin- 
ders are excessively below those of the standard cured cylinders, the 
contractor may be required to improve the procedures for protecting 
and curing the concrete. 

(d) In addition, where there is question as to the quality of the concrete 
in the structure, the Commissioner of Buildings Building Official may require 
tests in accordance with the “Standard Methods of Securing, Preparing and 
Testing Specimens from Hardened Concrete for Compressive and Flexural 


TABLE 305(a)—ALLOWABLE UNIT STRESSES IN CONCRETE—PRESENT CODE 





Allowable unit stresses 
































” For any | 
strength of For strength of concrete shown below 
concrete in Maxi- 
Description accordance mum oo 
with Section | value, 
302 psi S.= Sfe= f. = f'c = 
2000 2500 3000 3750 
_ 30, 000 psi psi psi psi 
Se n=15|/n =#2/in =10/] 2 =8 
Flexure: fe 
Extreme fiber stress in compression..... . te 0.45f"e 900 1125 1350 1688 
Extreme fiber stress in tension in plain | 
I OGIO i ons ois de cons wean aed Se | 0.03". 60 75 90 113 
| | 
| 
Shear: »v (as a measure of diagonal tension) 
Beams with no web reinforcement....... Ve 0.03f'e 60 75 90 113 
Beams with properly designed web 
0 ee eee v 0.12f'e 240 300 360 450 
*Flat slabs at distance d from edge of column 
capital or drop oe pues ous eks ted ve 0.03f'e 60 75 90 113 
**Pootings......... aiding Bhat De 0.03f'e 75 60 75 75 75 
Bond: wu 
Deformed bars 
Top barst...... flog! 5, ay et eee u 0.07f'. 245 140 175 210 245 
In 2-way footings (except top bars) . u 0.08". 280 160 200 240 280 
pS re Reed aie u 0.10f"- 350 200 250 300 350 
| 
Plain bars (must be hooked) 
BM ea cktdace vias oe ee 0.03f'. 105 60 75 ot 105 
In 2-way footings (except top bars) ..| u 0 .036f'- | 126 72 90 108 126 
All others ..... rtnerserenneceeenal @ | 0 .045f" | 158 90 113. | 135 158 
| 
| | | 
Bearing: fe } | 
On full area... . enn te 0.25f'e | 500 625 75 938 
On one-third area or lesst........... Te | 0 .375f'. 750 938 1125 1405 
*See Section 807. **See Sections 905(a) and 808(a). 


{ree bars are horizontal bars so placed that more than 12 in. of concrete is cast in the member below the bar 
‘The allowable bearing stress on an area greater than one-third but less than the full area shall be interpolated 
between the values given. 
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Strengths” (ASTM Designation: C 42) or order load tests as outlined in 



































Section 202 for that portion of the structure where the questionable concrete 
has been placed. 





+ 
; 305—Allowable unit stresses in concrete 
; (a) The unit stresses in pounds per square inch on concrete to be used 
ry , ° > mn eimai >» 
i in the design shall not exceed the values of Table 305(a) where f.’ equals the 
a minimum specified compressive strength at 28 days, or at the earlier age at 
‘ which the concrete may be expected to receive its full load. 
A 
aa 
By 
3 
; TABLE 305(a)—ALLOWABLE UNIT STRESSES IN CONCRETE— 
; PROPOSED REVISION 
Allowable unit stresses 
For any 
strength of For strength of concrete shown below 
concrete in Maxi 
Description accordance mum 
with Section value 
302 psi f f 
30.000 2000 2500 4000 $750 5000 
n psi psi psi psi psi 
} n ls on 12/7 10 +» 8 n ( 
a Flexure: / 
e Extreme fiber stress in compression /f. 0.45/ 900 1125 1350 1688 2250 
3 Extreme fiber stress in tension in 
5 plain concrete footings f 0.03f-" 60 75 90 113 150 
. Shear (as a measure of diagonal 
Fe tension) 
4 Beams with no web reinforcement 0.03 f.’ 00 60 75 90 00 00 
3 Beams with longitudinal bars and 
\ with either stirrups or properly 
3 located truss bars but not both 0.08/ 240 160 200 240 240 240 
3 Beams with longitudinal bars and a 
combination of stirrups and truss 
4 bars (the latter bent up suitably 
4 to carry at least 0.04/.’) 0.124 360 240 300 360 360 360 
a Footings* 0.036." 75 60 75 75 75 75 
ca For flat slabs, see Chapter 10 
: Bond: u 
a Deformed bars (as defined in Sec- 
3 tion 104 
PS Top barst u 0.07/ 245 140 175 210 245 245 
ig In two-way footings (except top 
bars) u 0.08/ 280 160 200 240 280 280 
By All others " 0.10/ 350 200 250 00 350 350 
: Plain bars (as defined in Section 
104) (must be hooked) 
q Top bars u 0.03/.' 105 60 75 90 105 105 
In two-way footings except top 
bars u 0.036 /-" 126 72 90 108 126 126 
All others u 0.045 f-' 158 90 113 135 158 158 
Bearing: / 
On full area f 0.25/ 500 625 750 938 1250 
On one-third area or lesst f O.375f" 750 938 1125 1405 1875 


*See Sections 905(a) and 808(a 

tTop bars are horizontal bars so placed that more than 12 in. of concrete is cast in the member below the bar 

tThis increase shall be permitted only when the least distance between the edges of the loaded and unloaded areas 
i8 & minimum of one-fourth of the parallel side dimension of the loaded area. The allowable bearing stress on a 
reasonably concentri¢ area greater than one-third but less than the full area shall be interpolated between the values 
given. 
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CHAPTER 4—MIXING AND PLACING CONCRETE 
402—Mixing of concrete* 

(a) Unless otherwise authorized by the Commissioner of Buildings, the mix- 
ing of concrete shall be done in a batch mixer of approved type. 

(b) (a) The All concrete shall be mixed until there is a uniform distribution 
of the materials and shall de discharged completely before the mixer is re- 
charged. 

(c) (b) For job-mixed concrete, mixing shall be done in a batch mixer 
of approved type. The mixer shall be rotated at a speed recommended by 
the manufacturer and mixing shall be continued for at least one minute 14, 
min after all materials are in the mixer drum. A longer mixing period may 
be required for mixers larger than one cubic yard capacity. For batches 
larger than 1 cu yd, mixing time shall be increased 15 sec for each 
additional cubic yard or fraction thereof. 

(d) (ec) Ready-mixed concrete shall be mixed and delivered in accord- 
ance with the requirements set forth in the ‘Standard Specifications for 
Ready-Mixed Concrete” (ASTM Designation: C 94). 


406—Cold weather requirements} 

(a) Adequate equipment shall be provided for heating the concrete ma- 
terials and protecting the concrete during freezing or near-freezing weather. 
All concrete materials and all reinforcement, forms, fillers, and 
ground with which the concrete is to come in contact shall be free 
from frost. No frozen materials or materials containing ice shall be used. 

(b) All concrete materials and all reinforcement, forms, fillers and ground 
with which the concrete is to come in contact, shall be free from frost. Whenever 
the temperature of the surrounding air is below 40 degrees Fahrenheit, all concret« 
when placed in the forms shall have a temperature of between 60 and 90 degrees 
Fahrenheit and shall be maintained at a temperature of not less than 50 degrees 
Fahrenheit for at least 72 hours for normal concrete or 24 hours for high-early- 


strength concrete, or for as much more time as is necessary to insure proper rate of 


curing of the concrete. The housing, covering or other protection used in connec- 
tion with curing shall remain in place and intact at least twenty-four hours after 
the artificial heating is discontinued. No dependence shall be placed on salt or 
other chemicals for the prevention of freezing. Manure, when used for protection, 
shall not be allowed to come into contact with the concrete. 


CHAPTER 5—FORMS AND DETAILS OF CONSTRUCTION 
503—Pipes, conduits, etc., embedded in concretet 
(a) Pipes which will contain liquid, gas or vapor at other than room tem 
perature shall not be embedded in concrete necessary for structural stability o 


*Detailed recommendations are given in ‘‘Recommended Practice for Measuring, Mixing, and Plac 
ing Concrete”’ (ACI 614). 

a of approved procedures are available in ‘“‘Recommended Practice for Winter Concreting’ 
(A ). 

tSince this section was adopted a number of concrete floors have been built with pipes embedded for radiant heat’ 
which is prohibited by this section. The Committee is studying the problem for the purpose of revising the requireme? 
to permit the safe use of such pipes in structural concrete. 


RARE Rapid ui ey 
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fire protection. Drain pipes and pipes whose contents will be under pressure 
greater than atmospheric pressure by more than one pound per square inch shall 
not be embedded in structural concrete except in passing through from one side 
to the other of a floor, wall or beam. Electric conduits and other pipes whose 
embedment is allowed shall not, with their fittings, displace that concrete of a 
column on which stress is calculated or which is required for fire protection, to 
greater extent than four percent of the area of the cross section. Sleeves or other 
pipes passing through floors, walls or beams shall not be of such size or in such 
location as unduly to impair the strength of the construction; such sleeves or pipes 
may be considered as replacing structurally the displaced concrete, provided 
they are not exposed to rusting or other deterioration, are of uncoated iron or 
steel not thinner than standard wrought-iron pipe, have a nominal inside diameter 
not over two inches, and are spaced not less than three diameters on centers. Em- 
bedded pipes or conduits other than those merely passing through, shall not be 
larger in outside diameter than one-third the thickness of the slab, wall or beam 
in which they are embedded; shall not be spaced closer than three diameters on 
centers, nor so located as unduly to impair the strength of the constructica. Cir- 
cular uncoated or galvanized electric conduit of iron or steel may be considered 
as replacing the displaced concrete. 


503—Conduits, pipes, etc., embedded in concrete 


(a) Electric conduits and other pipes whose embedment is allowed 
shall not, with their fittings, displace that concrete of a column on 
which stress is calculated or which is required for fire protection, to 
greater extent than 4 percent of the area of the cross section. Sleeves 
or other pipes passing through floors, walls, or beams shall not be 
of such size or in such location as to impair unduly the strength of 
the construction; such sleeves or pipes may be considered as replac- 
ing structurally the displaced concrete, provided they are not exposed 
to rusting or other deterioration, are of uncoated iron or steel not 
thinner than standard steel pipe, have a nominal inside diameter 
not over 2 in., and are spaced not less than three diameters on centers. 
Except when plans of conduits and pipes are approved by the structural 
engineer, embedded pipes or conduits, other than those merely pass- 
ing through, shall not be larger in outside diameter than one-third 
the thickness of the slab, wall, or beam in which they are embedded, 
nor shall they be spaced closer than three diameters on center, nor so 
located as to impair unduly the strength of the construction. Cir- 
cular uncoated or galvanized electric conduit of iron or steel may be 
considered as replacing the displaced concrete. 


(6) Pipes which will contain liquid, gas, or vapor may be embedded 
in structural concrete under the following conditions: 


(1) The temperature of the liquid, gas, or vapor shall not exceed 
150 F. 
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(2) The maximum pressure to which any piping or fittings shall 
be subjected shall be 200 psi above atmospheric pressure. 

(3) All piping and fittings shall be tested as a unit for leaks 
immediately prior to concreting. The testing pressure per square 
inch above atmospheric pressure shall be 50 percent in excess of 
the pressure to which the piping and fittings may be subjected 
but the minimum testing pressure shall be not less than 150 psi 
above atmospheric pressure. The pressure test shall be held for 
4 hr with no drop in pressure except that which may be caused 
by air temperature. 

(4) Pipes carrying liquid, gas, or vapor which is explosive or 
injurious to health shall again be tested as specified in paragraph 
(3) after the concrete has hardened. 

(5) No liquid, gas or vapor, except water not exceeding 90 F 
nor 20 psi pressure, is to be placed in the pipes until the concrete 
has thoroughly set. 

(6) In solid slabs the piping shall be placed between the top 
and bottom reinforcing. 

(7) The covering of the pipes shall be not less than 1 in. 

(8) Reinforcement with an area equal to at least 0.2 percent 
of the area of the concrete section shall be provided normal to 
the piping. 

(9) The piping and fittings shall be assembled by welding, 
brazing, solder-sweating, or other equally satisfactory method. 
Screw connections shall be prohibited. The piping shall be so 
fabricated and installed that it will not require any cutting, 
bending, or displacement of the reinforcement from its proper 
location. 

(10) No liquid, gas, or vapor shall be placed in the pipes which 
may be injurious or detrimental to them in any way. 

(11) Drain pipes and other piping designed for pressures of 
not more than 1 psi above atmospheric pressure need not be 
tested as required in paragraph (3) above. 


506—Splices in reinforcement 

(a) In slabs, beams and girders, splices of reinforcement at points of 
maximum stress shall generally be avoided wherever possible. Splices shall 
provide sufficient lap to transfer the stress between bars by bond and shear. 
Such splices where used shall be welded, lapped, or otherwise fully 
developed, but, in any case, shall transfer the entire stress from bar 
to bar without exceeding the allowable bond and shear stresses listed 
in Table 305(a). The minimum overlap for a lapped splice shall be 
24 bar diameters, but not less than 12 in. The clear distance between 
bars shall also apply to the clear distance between a contact splice and ad- 
jacent contact splices or bars. 
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CHAPTER 6—DESIGN—GENERAL CONSIDERATIONS 
601—Assumptions Design methods 





: (a) The design of reinforced concrete members shall be made with reference 
j to allowable stresses, and safe working loads, and the accepted straight- 
i line theory of flexure as applied to reinforced concrete shall be applied to all 
. members resisting bending, except as permitted by Section 601(b). 7h 
following assumptions shall be made: 
1. The steel takes all the tensile stress. 
2. In determining the ratio n for design purposes, the modulus of elas- 
ticity for the concrete shall be assumed as 1000 f.', and that for steel as 
30,000,000 p.s.i. 
(6) The ultimate strength method of design may be used for the 
; design of reinforced concrete members. * 
: 603—Resistance to wind and earthquake forces 
j (a) The resisting elements in structures required to resist wind and earth- 
quake forces shall be limited to the integral structural parts. 
(b) The moments, shears, and direct stresses resulting from wind or earth- 
1 quake forces determined in accordance with recognized methods shall be 
: added to the maximum stresses which obtain at any section for dead and live 
) loads. ze 
(c) In proportioning the component parts of the structure for the maximum 
combined stresses, including wind stresses, the unit stresses shall not exceed the 
stresses allowed for combined live- and dead-loads only by more than one-third. 
: The structural members and their connections shall be so proportioned as to pro- 
i vide suitable rigidity of structure. 
‘ (c) Members subject to stresses produced by wind or earthquake 
| forces combined with other loads may be proportioned for unit stresses 
333 percent greater than those specified in Sections 305 and 306, pro- 
: vided that the section thus required is not less than that required 
{ for the combination of dead and live load. 
{ CHAPTER 7—FLEXURAL COMPUTATIONS 
i 700—Notation 
E = The Modulus of elasticity of concrete in compression. 
K = The stiffness factor, that is, the moment of inertia divided by the span. 


OBA 903 


701—General requirements 

(c) In the case of two or more approximately equal spans (the larger of 
two adjacent spans not exceeding the shorter by more than 20 percent) with 
loads uniformly distributed, where the unit live load does not exceed three 
times the unit dead load, design for the following moments and shears is 
satisfactory: 


*Recommended criteria for ultimate strength design are given in the appendix of this code. 
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: wl’ 
Shear at all other supports . 

) 


702—Conditions of design* 
(c) Stiffness 
1. The relative stiffness, K, of a member with constant I is defined as EI 
divided by l or h.t 
i 1. Any reasonable assumption may be adopted for computing the 
relative stiffness of columns and of floor systems. The assumption 
made shall be consistent throughout the analysis. 


*Chapter 7 deals with floor members only. For moments in columns see Section 1108. 
tWhere displacements are involved the absolute value of K should be used. For members with a constant cross-section 
the absolute value of K equals 4EI/1. 
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2. In computing the value of J for relative stiffness of slabs, beams, 
girders, and columns, the reinforcement may be neglected. In T-shaped 
sections allowance shall be made for the effect of flange. 

3. Any reasonable assumption may be adopted as to relative stiffness of 
columns and of floor system. The assumption made shall be consistent throughout 
the analysis. 

(d) Haunched floor members 

1. When members are widened near the supports, the additional width may 
be neglected in computing moments, but may be considered as resisting the resulting 
moments and shears. 


1. The effect of haunches shall be considered both in determining 
bending moments and in computing unit stresses. 

2. When members are deepened near the supports, they may be analyzed 
as members of constant depth provided the minimum depth only is considered 
as resisting the resulting moments; otherwise an analysis taking into account the 
variation in depth is required. In any case, the actual depth may be considered 
as resisting shear. 

(e) Limitations 

1. Wherever at any section positive reinforcement is indicated by analysis, 
the amount provided shall be not less than 0.005 b’d except in slabs of uniform 
thickness. (Use b instead of b’ for rectangular flexural members. 

2. Not less than 0.005 b'd of negative reinforcement shall be provided at the 
outer end of all members built integrally with their supports. (Use b instead of 
b’ for rectangular flexural members.) 


> 


3. Where analysis indicates negative reinforcement along the full length of 
a span, the reinforcement need not be extended beyond the point where the re- 
quired amount is 0.0025 b'd or less. (Use b instead of b’ for rectangular flexural 
members. ) 


/ 


,. 2. In structural slabs of uniform thickness the minimum amount of 
reinforcement in the direction of the span shall be: 
For structural, intermediate, and hard grades and rail stee! 0.0025 bd 
For steel having a minimum yield point of 56,000 psi 0.002 bd 
3. In slabs other than concrete joist construction or flat slabs, the 
principal reinforcement shall be centered not farther apart than three 
times the slab thickness nor more than 18 in. 


706—Compression steel in flexural members 

(b) The effectiveness of compression reinforcement in resisting bending may 
be taken at twice the value indicated from the calculations assuming a straight- 
line relation between stress and strain and the modular ratio given in Section 601, 
but not of greater value than the allowable stress in tension. 

(6) To approximate the effect of creep, the stress in compression 


reinforcement resisting bending may be taken at twice the value 
indicated by using the straight-line relation between stress and 
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strain, and the modular ratio given in Section 601(a), but not of 
greater value than the allowable stress in tension. 


707—Shrinkage and temperature reinforcement 
(a) Reinforcement for shrinkage and temperature stresses normal to the 
principal reinforcement shall be provided in structural floor and roof slabs 
where the principal reinforcement extends in one direction only. Such rein- 
forcement shall provide for the following minimum ratios of reinforcement 
area to concrete area bd 6bt,, but in no case shall such reinforcing bars be 
placed farther apart than five times the slab thickness nor more than 18 in. 
Floor Slabs where plain bars are used 0.0025 
Floor Slabs where deformed bars are used 0.002 
Floor Slabs where wire fabric is used, having welded intersections 
not farther apart in the direction of stress than 2¥é, nor 12 in.. 0.0018 
Roof slabs where plain bars are used 0.003 
Roof slabs whe re deformed bars are used . ‘ 0.0025 
Roof slabs where wire fabric ts used, having welded intersections not 


farther apart in the direction of stress than twelve inches 0.0022 


708—Concrete joist floor construction 

‘b) When burned clay or concrete tile fillers, of material having a unit 
compressive strength at least equal to that of the designed strength of the 
concrete in the joists are used, and the fillers are so placed that the joints in 
alternate rows are staggered, the vertical shells of the fillers in contact with the 
joists may be included in the calculations involving shear or negative bending 
moment. No other portion of the fillers may be included in the design cal- 
culations. 


709—F loors Two-way systems with supports on four sides* 

(a) This construction, consisting of floors reinforced in two directions, 
and supported on four sides, includes solid reinforced concrete slabs; concrete 
joists with fillers of hollow concrete units or clay tile, with or without con- 
crete top slabs; and concrete joists with top slabs placed monolithically with 
the joists. The slab shall be supported by walls or beams on all sides and if 


not securely attached to supports, shall be reinforced as specified in Section 
709(b). 


710—Maximum spacing of principal slab reinforcement 

(a) In slabs other than concrete joist floor construction or flat slabs, the prin- 
etpal reinforcement shall not be spaced farther apart than three times the slab 
thickness, nor shall the ratio of reinforcement be less than specified in Section 
707 (a). 


CHAPTER 8—SHEAR AND DIAGONAL TENSION 
800—Notation 
te = Thickness of flat slab without drop panels, or the thickness of flat 
slab through the drop panels where such are used. 


*The requirements of this section are satisfied by either of the methods of design which follow this section 
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Thickness of flat slab (with drop panels) at points outside the drop 
panel. 

V’ Excess of the Total shear over that permitted on the concrete carried 
by the web reinforcement. 


801—Shearing unit stress 


(d) When the value of the shearing unit stress computed by formula (12 
exceeds the shearing unit stress 1 pe rmitted on the concrete of an unrein- 
forced web (see Section 305), web reinforcement shall be provided to earry 
the excess two-thirds of the total shear at the section or the excess, 
whichever is greater. 

(e) In continuous or restrained beams or frames, except T-beams 
with integral slab cast monolithically, web reinforcement shall be 
provided from the support to a point beyond the extreme position of 
the point of inflection a distance equal to either 1/16 of the clear span 
or the depth of the member, whichever is greater, even though the 
shearing unit stress does not exceed v.. Such reinforcement shall be 
designed to carry at least two-thirds of the total shear at the section. 
Web reinforcement shall be provided sufficient to carry at least two- 
thirds of the total shear at a section in which there is negative rein- 
forcement. 


803—Stirrups 


(c) Stirrups placed perpendicular to the longitudinal reinforcement. shall 
not be used alone as web reinforcement when the shearing unit stress (7) 
exceeds 0.08f.’ or 240 psi. 


804—Bent bars 


(a) When the web re inforce ment consists Oo; a single bent bar or of a single 
group of he nt bars the re quired area of such bars sha / he computed by formula 
(14). 

y’ 


Sate (14 
Js Sin @ 


(a) Only the center three-fourths of the inclined portion of any 
longitudinal bar that is bent up for web reinforcement shall be con- 
sidered effective for that purpose, and such bars shall be bent around 
a pin having a diameter not less than six times the bar size. 


(b) In formula (14) V’ shall not exceed 0.040 f.' bid. 


(6b) When the web reinforcement consists of a single bent Var or 
of a single group of parallel bars all bent up at the same distance 
from the support, the required area of such bars shall be computed 
by formula (14). 


Se :. ae 4 
f, sin a 
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(c) Only the center three-fourths of the inclined portion of such bar, or group 
of bars, shall be considered effective as web reinforcement. 

(c) In formula (14), V’ shall not exceed 0.04 f.’bjd, or 120 bjd. 

(d) Where there is a series of parallel bent bars or groups of bars bent 
up at different distances from the support, the required area shall be 
determined by formula (15). 

A ie : inva eebhareoay Lt .. (15) 
f.jd (sin a + cos a) 

(¢ When bent bars, having a radius of bend of not more than three times the 
diameter of the bar at least six bar diameters are used alone as web reinforce- 
ment, they shall be so spaced that the effective inclined portion de- 
scribed in Section 804(a) meets the requirements of Section 806, and 
the allowable shearing unit stress shall not exceed 0.060 0.08 f.’ nor 240 psi. 
This shearing unit stress may be increased at the rate of 0.01 f.’ for each increase 
of four bar diameters in the radius of bend until the maximum allowable shear- 
ing unit stress is reached. (See Section 305(a).) 


806—Maximum spacing of web reinforcement 


807—Mimimum web reinforcement 


Where web reinforcement is required, the amount used shall be 


not less than 0.15 percent of the area computed as the product of the 
width of the member at middepth and the horizontal spacing of the 
web reinforcement. 


807 808—Shearing stresses in flat slabs [See Section 1002(c) |- 

(a) In flat slabs, the shearing unit stress on a vertical section which lies at a 
distance tg — 1% in. beyond the edge of the column capital and parallel or con- 
centric with it, shall not exceed the following values when computed by formula (12) 
(in which d shall be taken as tg — 1% in.): 


1. 0.03 f.’, when at least 50 percent of the total negative reinforcement 
in the column strip passes directly over the column capital. 

2. 0.025 f.', when 25 percent or less of the total negative reinforcement 
in the column strip passes directly over the column capital. 

3. For intermediate percentages, intermediate values of the shearing 
unit stress shall be used. 


(b) In flat slabs, the shearing unit stress on vertical sections which lie at a 
distance ts; — 14 in. beyond the edge of the drop panel and parallel with them 
shall not exceed 0.03 f.' when computed by formula (12) (in which d shall be 
taken as ts; — 14% in.). At least 50 percent of the cross-sectional area of the 
negative reinforcement in the column strip must be within the width of strip 
directly above the drop panel. 


808 809—Shear and diagonal tension in footings 
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CHAPTER 9—BOND AND ANCHORAGE 
901—Computation of bond stress in beams 


(a) In flexural members in which the tensile reinforcement is parallel 
to the compression face, the bond stress at any cross section shall be com- 
puted by formula (16). 

V , 
“u= ™ eer ee (16) 
Lojd 

in which V is the shear at that section and Lo is taken as the perimeter 
of all effective bars crossing the section on the tension side. To be 
effective the bars must be properly developed by hooks, lap, or em- 
bedment on each side of the section. Bent-up bars that are not more 
than d/3 from the level of the main longitudinal reinforcement may 
be included. Critical sections occur at the face of the support, at each 
point where tension bars terminate within a span, and at the point of 

inflection. 


(6) Bond shall be similarly computed on compressive reinforce- 
ment, but the shear used in computing the bond shall be reduced 
in the ratio of the compressive force assumed in the bars to the total 
compressive force at the section. Anchorage shall be provided by 
embedment past the section to develop the assumed compressive 


force in the bars at the bond stress in Table 305(a). 

(b) (ec) Adequate end anchorage shall be provided for the tensile reinforce- 
ment in all flexural members to which formula (16) does not apply, such as 
sloped, stepped or tapered footings, brackets or beams in which the tensile re- 
inforcement is not parallel to the compression face. 


902—Anchorage requirements 


(a) Tensile negative reinforcement in any span of a continuous, restrained 
or cantilever beam, or in any member of a rigid frame shall be adequately 
anchored by bond, hooks, or mechanical anchors in or through the support- 
ing member. Within any such span every reinforcing bar, except in a lapped 
splice, whether required for positive or negative reinforcement, shall be 
extended at least 12 diameters beyond the point at which it is no longer 
needed to resist stress. At least one-third of the total reinforcement 
provided for negative moment at the support shall be extended be- 
yond the extreme position of the point of inflection a distance sufficient 
to develop by bond one-half the allowable stress in such bars, not less 
than 1/16 of the clear span length, or not less than the depth of the 
member, whichever is greater. ~The maximum tension in any bar must be 
developed by bond on a sufficient straight or bent embedment or by other 
anchorage (see Section 906). If preferred, the bar may be bent across the 
web at an angle of not less than 15 deg with the longitudinal portion of the 
bar and be made continuous with the reinforcement which resists moment 
of opposite sign. 
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904—Anchorage of web reinforcement 


(a) Single separate bars used as web reinforcement The extreme ends of 
bars forming simple U- or multiple stirrups shal! be anchored ai each end 
by one of the following methods: 

,. 1. By a standard hook, (see Section 906(a) ), considered as devel- 
oping 10,000 psi, plus embedment sufficient to develop by bond the re- 
mainder of the remaining stress to which in the bar is subjected at the unit 
bond stress shall not exceed that specified in Table 305(a). The effective 
embedded length of a stirrup leg shall not be assumed to exceed taken as 


the distance between the mid-depth of the beam and the tangent of the 
hook. 


1. 2. Welding to longitudinal reinforcement. 


2. 3. Hooking Bending tightly around the longitudinal reinforcement 
through at least 180 deg. 


> 


3. 4. Embedmcnt above or below the mid-depth of the beam on the 
compression side, a distance sufficient to develop the stress to which the 
bar will be subjected at a bond stress of not to exceed 0.045 f.’, on plain 
bars nor 0.10 f.’ on deformed bars, but, in any case, a minimum of 24 
bar diameters. 

(b) The extreme ends of bars forming simple U or multiple stirrups shall be 
anchored by one of the methods of Section 904(a) or shall be bent through an angle 
of at least 90 degrees tightly around a longitudinal reinforcing bar not less in 
diameter than the stirrup bar, and shall project beyond the bend at least twelve 
diameters of the stirrup bar. 


(c) (b) The loops or closed ends of such stirrups shall be anchored by 
bending, in the form of a U or a series of U’s, around the longitudinal rein- 
forcement through an angle of at least 90 180 deg, or by being welded or 
otherwise rigidly attached thereto to the longitudinal reinforcement. 


(d) (ec) Hooking or bending stirrups or separate web reinforcement bars 
around the longitudinal reinforcement shall be considered effective only 
when these bars are perpendicular to the longitudinal reinforcement. 


(e) (d) Longitudinal bars bent to act as web reinforcement shall, in a 
region of tension, be continuous with the longitudinal reinforcement. The 
tensile stress in each bar shall be fully developed in both the upper and the 
lower half of the beam by one of the following methods: 1 as specified in Sec- 
tion 904(a) (3) (1) or 2. As specified in Section 904(a) (4). 

3. By bond at a unit bond stress not exceeding 0.045 f.’ on plain bars 
nor 0.10 f.’ on deformed bars, plus a bend of radius not less than two times 
the diameter of the bar, plus an extension of the bar, parallel to the upper or 
lower surface of the beam, of not less than 12 diameters of the bar, terminating 
in a standard hook. This short radius bend, extension and hook shall to- 


gether not be counted upon to develop a tensile unit stress in the bar of more 
than 10,000 pst. 
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1. By bond, at a unit bond stress not exceeding 0.045 f.’ on plain bars 
nor 0.10 f.’ on deformed bars, plus a bend of radius not less than two times 
the diameter of the bar, parallel to the upper or lower surface of the beam 
and continuous with the longitudinal re inforce ment. The short radius bend 
and continuity shall together not be counted upon to develop a tensile unit 
stress in the bar of more than 10,000 psi. 

5. The tensile unit stress at the beginning of a bend may be increased 
from 10,000 psi when the radius of bend is two bar diameters, at the rate of 
1,000 pst tension for each increase of 1\% bar diameters in the radius of 
bend, provided that the length of the bar in the bend and extension is sufficient 
to develop this increased tensile stress by bond at the unit stresses given in 
Section 904(e) (3). 

(f) (e) In all cases web reinforcement shall be carried as close to the com- 
pression surface of the beam as fireproofing regulations and the proximity of 
other steel will permit. 
906—Hooks 

(a) The terms “hook” or “standard hook” as used herein shall mean 
either 

1. A complete semicircular turn with a radius of bend on the axis 
of the bar of not less than three and not more than six bar diameters, 
plus an extension of at least four bar diameters at the free end of the bar, or 

2. A 90-deg bend having a radius of not less than four bar diameters 
plus an extension of 12 bar diameters, or 

3. For stirrup anchorage only, a 135-deg turn with a radius 
on the axis of the bar of three diameters plus an extension of at 
least six bar diameters at the free end of the bar. 

Hooks having a radius of bend of more than six bar diameters shall be con- 
sidered merely as extensions to the bars. and shall be treated as in section 9O4(¢ 
(5). 

(b) In general, hooks shall not be permitted in the tension portion of any 
beam except at the ends of simple or cantilever beams or at the freely supported 
ends of continuous or restrained beams. 

(c) (6) No hook shall be assumed to carry a Joad which would produce 
a tensile stress in the bar greater than 10,000 psi. 

(d) (ec) Hooks shall not be considered effective in adding to the com- 
pressive resistance of bars. 


(e) (d) Any mechanical device capable of developing the strength of 


the bar without damage to the concrete may be used in lieu of a hook. Tests 
must be presented to show the adequacy of such devices. 
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EDITORIAL NOTE 


Chapter 10 has been entirely rewritten. Therefore, boldface and italic 
type to indicate additions and deletions, respectively, have not been 
used, but the proposed chapter is printed in its entirety. For a comparison 
with the present Chapter 10 of the ACI Building Code, the reader is 
referred to ACI 318-51. 


CHAPTER 10—FLAT SLABS WITH SQUARE OR RECTANGULAR PANELS 
1000—Notation 


A 


W 


Wp 


Distance in the direction of span from center of support to the inter- 
section of the centerline of the slab thickness with the extreme 45-deg 
diagonal line lying wholly within the concrete section of slab and 
column or other support, including drop panel, capital and bracket. 


= Width of section. 


Effective support size. See Section 1004(c). 

Depth from compression face of beam or slab to centroid of tensile 
reinforcement. 

Compressive strength of concrete at age of 28 days unless otherwise 
specified. 

Story height in feet of the column or support of a flat slab center to 
center of slabs. 

Ratio of distance between centroids of compression and tension to 
depth d. 


= Span length of a flat slab panel center to center of supports. 
= Numerical sum of assumed positive and average negative moments 


at the critical design sections of a flat slab panel. See Section 1004(f) 1. 


= Thicknesss of slab in inches. 


Wi = 


= Thickness in inches of slabs without drop panels, or through drop 


panel if any. 
Thickness in inches of slabs with drop panels at points beyond the 
drop panel. 


= Shearing unit stress. 


Total shear. 

Uniformly distributed unit dead and live load. 
Total dead and live load on panel. 

Total dead load on panel. 

Total live load on panel, uniformly distributed. 


1001—Definitions and scope 


(a) 


Flat slab—A concrete slab reinforced in two or more directions, gen- 
erally without beams or girders to transfer the loads to supporting members. 
Slabs with recesses or pockets made by permanent or removable fillers be- 
tween reinforcing bars may be considered flat slabs. Slabs with paneled 
ceilings may be considered as flat slabs provided the panel of reduced thickness 
lies entirely within the area of intersecting middle strips, and is at least two- 
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thirds the thickness of the remainder of the slab, exclusive of the drop panel, 
and is not less than 4 in. thick. 


(b) Column capital—An enlargement of the end of a column designed and 
built to act as an integral unit with the column and flat slab. No portion of 
the column capital shall be considered for structural purposes which lies 


outside of the largest right circular cone with 90-deg vertex angle that can be 
included within the outlines of the column capital. Where no capital is used, 
the face of the column shall be considered as the edge of the capital. 
(c) Drop panel—The structural portion of a flat slab which is thickened 
throughout an area surrounding the column, column capital, or bracket. 
(d) Panel strips—aA flat slab shall be considered as consisting of strips in 
each direction as follows: 
A middle strip one-half panel in width, symmetrical about panel 
centerline. 
A column strip consisting of the two adjacent quarter-panels either 
side of the column centerline. 


1002—Design procedures 

(a) Methods of analysis—All flat slab structures shall be designed in 
accordance with a recognized elastic analysis subject to the limitations of 
Sections 1002 and 1003, except that the empirical method of design given in 
Section 1004 may be used for the design of flat slabs conforming with the 
limitations given therein. Flat slabs within the limitations of Section 1004, 
when designed by elastic analysis, may have resulting analytical moments 
reduced in such proportion that the numerical sum of the positive and average 
negative bending moments used in design procedure need not exceed M, as 
specified under Section 1004(f). 

(b) Critical sections—The slab shall be proportioned for the bending mo- 
ments prevailing at every section except that the slab need not be propor- 
tioned for a greater negative moment than that prevailing at a distance A 
from the support centerline. 

(c) Size and thickness of slabs and drop panels 

1. Subject to limitations of Section 1002(¢)3, the thickness of a 
flat slab and the size and thickness of the drop panel, where used, shall 
be such that the compressive stress due to bending at any section, and 
the shear about the column, column capital, and drop panel shall not 
exceed the unit stresses allowed in concrete of the quality used. When 
designed under Section 1004, three-fourths of the width of the strip 
shall be used as the width of the section in computing compression due 
to bending, except that on a section through a drop panel, three-fourths 
of the width of the drop panel] shall be used. Account shall be taken of 
any recesses which reduce the compressive area. 

2. The shearing unit stress on vertical sections which follow a 
periphery, b, at distance, d, beyond the edges of the column or column 
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capital and parallel or concentric with it, shall not exceed the following 

values for the concrete when computed by the formula 

—_— Vv 

bid 

a. 0.03 f.’ but not more than 100 psi when at least 50 percent of the 
total negative reinforcement required for bending in the column strip 


vp 


passes through the periphery. 

b. 0.025 f.’ but not more than 85 psi when 25 percent, which is the least 
value permitted, of the total negative reinforcement required for 
bending in the column strip passes through the periphery. 

c. Proportionate values of the shearing unit stress for intermediate per- 
centages of reinforcement. 

3. Where drop panels are used, the shearing unit stress on vertical 
sections which lie at a distance, d, beyond the edges of the drop panel, 
and parallel with them, shall not exceed 0.03 f.’ nor 100 psi. At least 50 
percent of the total negative reinforcement required for bending in the 
column strip shall be within the width of strip directly above the drop 
panel. 

4. Slabs with drop panels whose length is at least one-third the 
parallel span length and whose projection below the slab is at least one- 
fourth the slab thickness shall be not less than L/40 nor 4 in. in thick- 
ness. 

Slabs without drop panels as described above shall be not less than 
L/36 nor 5 in. in thickness. 

5. For determining reinforcement, the thickness of the drop panel 
below the slab shall not be assumed to be more than one-fourth of the dis- 
tance from the edge of the drop panel to the edge of the column capital. 

(d) Arrangement of slab reinforcement 

1. The spacing of the bars at critical sections shall not exceed 
two times the slab thickness, except for those portions of the slab area 
which may be of cellular or ribbed construction. In the slab over the 


cellular spaces, reinforcement shall be provided as required by Section 
707. 


2. In exterior panels, except for bottom bars adequately anchored 


in the drop panel, all positive reinforcement perpendicular to the dis- 
continuous edge shall extend to the edge of the slab and have embed- 
ment, straight or hooked, of at least 6 in. in spandrel beams, walls, or 
columns where provided. All negative reinforcement perpendicular to 
the discontinuous edge shall be bent, hooked, or otherwise anchored in 
spandrel beams, walls, or columns. 


3. The area of reinforcement shall be determined from the bending 
moments at the critical sections but shall not be less than 0.0025 bd at 
any section. 
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4. Required splices in bars may be made wherever convenient, 
but preferably away from points of maximum stress. The length of any 
such splice shall be at least 36 bar diameters. 

(e) Openings in flat slabs—Openings of any size may be provided in flat 
slabs if provision is made for the total positive and negative moments and for 
shear without exceeding the allowable stresses except that when design is 
based on Section 1004, the limitations given therein shall not be exceeded. 


(f) Design of columns 


1. All columns supporting flat slabs shall be designed as provided 
in Chapter 11 with the additional requirements of this chapter. 

1003—Design by elastic analysis 

(a) Assumptions—In design by elastic analysis the following assumptions 
may be used and all sections shall be proportioned for the moments and 
shears thus obtained. 

1. The structure may be considered divided into a number of 
bents, each consisting of a row of columns or supports and strips of 
supported slabs, each strip bounded laterally by the centerline of the 
panel on either side of the centerline of columns or supports. The bents 
shall be taken longitudinally and transversely of the building. 

2. Each such bent may be analyzed in its entirety; or each floor 
thereof and the roof may be analyzed separately with its adjacent 
columns as they occur above and below, the columns being assumed 
fixed at their remote ends. Where slabs are thus analyzed separately, 
it may be assumed in determining the bending at a given support that 
the slab is fixed at any support two panels distant therefrom beyond 
which the slab continues. 

3. The joints between columns and slabs may be considered rigid, 
and this rigidity (infinite moment of inertia) may be assumed to extend 
in the slabs from the center of the column to the edge of the capital, 
and in the column from the top of slab to the bottom of the capital. 
The change in length of columns and slabs due to direct stress, and de- 
flections due to shear, may be neglected. 

t+. Where metal column capitals are used, account may be taken of 
their contributions to stiffness and resistance to bending and shear. 

5. The moment of inertia of the slab or column at any cross sec- 
tion may be assumed to be that of the gross section of the concrete. 
Variation in the moments of inertia of the slabs and columns along 
their axes shall be taken into account. 

6. Where the load to be supported is definitely known, the struc- 
ture shall be analyzed for that load. Where the live load is variable 
but does not exceed three-quarters of the dead load, or the nature of the 
live load is such that all panels will be loaded simultaneously, the maxi- 
mum bending may be assumed to occur at all sections under full live 


load. For other conditions, maximum positive bending near midspan 
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TABLE 1003(c)—DISTRIBUTION BETWEEN COLUMN STRIPS AND 
MIDDLE STRIPS IN PERCENT OF TOTAL MOMENTS AT CRITICAL 
SECTIONS OF A PANEL 


Moment section 


Negative moment at 
exterior support 


Slab sup- 

ported on 

reinforced 
Slab sup- concrete 
ported on bearing 
columns and wall or 
on beams of columns 


Negative 
moment at Positive 
interior moment 


support 


total depth 
equal to the 
slab thick- 


with beams 
of total 
depth equal 


ness* or greater 
than 3 times 
the slab 
thickness* 


Column strip ) : 60 
Middle strip 2 : 40 


Total depth 
of beam 
equal to 
slab thick- 

Half column ness* 

strip ad- 

jacent and 

parallel Total depth 

to marginal of beam or 

beam or wall wall equal 
or greater 
than 3 times 
slab thick- 


ness* 


*Interpolate for intermediate ratios of beam depth to slab thickness. 

Note: The total dead and live load reaction of a panel adjacent to a marginal beam or wall may be divided 
between the beam or wall and the parallel half column strip in proportion to their stiffnesses, but the moment pro 
vided in the slab shall be not less than given in Table 1003(c). 


of a panel may be assumed to occur under full live load in the panel and 


in alternate panels; and maximum negative bending in the slab at a 
support may be assumed to occur under full live load in the adjacent 
panels only. 

(b) Critical sections—The critical section for negative bending, in both 
the column strip and middle strip, may be assumed as not more than the 
distance A from the center of the column or support and the critical negative 
moment shall be considered as extending over this distance. 

(c) Distribution of panel moments—Bending at critical sections across the 
slabs of each bent may be apportioned between the column strip and middle 
strip, as given in Table 1003(c). For design purposes, any of these per- 
centages may be varied by not more than 10 percent of its value, but their 
sum for the full panel width shall not be reduced. 


1004—Design by empirical method 
(a) General limitations—Flat slab construction may be designed by the 
empirical provisions of this section when they conform to all of the limitations 
on continuity and dimensions given herein. 
1. The construction shall consist of at least three continuous panels 
in each direction. 
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2. The ratio of length to width of panels shall not exceed 1.33. 


3. The grid pattern shall consist of approximately rectangular 
panels. The successive span lengths in each direction shall differ by 
not more than 20 percent of the longer span. Within these limitations, 
columns may be offset a maximum of 10 percent of the span, in direction 
of the offset, from either axis between centerlines of successive columns. 


] 


4. The calculated lateral force moments from wind or earthquake 


may be combined with the critical moments as determined by the 


empirical method, and the lateral force moments shall be distributed 
between the column and middle strips in the same proportions as speci- 
fied for the negative moments in the strips for structures not exceeding 
125 ft high with maximum story height not exceeding 12 ft 6 in 

Columns 

1. The minimum dimension of any column shall be 10 i For 
columns or other supports of a flat slab, the required moment of inertia, 
T., of the gross concrete section alone, shall be determined from the 

] 


following formula, and shall be not less than 1000 in 


— GbH 


2. Columns supporting flat slabs designed by the empirical method 


shall be proportioned for the bending moments developed by unequally 
loaded panels, or uneven spacing of columns. Such bending moment 
shall be the maximum value derived from 


(WL, — WoL) — 


; 
L, and Le being lengths of the adjacent spans (L 0 when considering 
an exterior column) and f is 30 for exterior and 40 for interior columns. 
This moment shall be divided between the columns mmediately 
above and below the floor or roof line under consideration in direct 


proportion to their stiffness and shall be applied without further reduc- 
tion to the critical sections of the columns. The unit stresses due to 
combined axial load and bending shall not exceed the value prescribed 
in Chapter 11. 

Determination of Pa (effective support size 

1. Where column capitals are used, the value of ¢ shall be taken as 
the diameter of the cone described in Section 1001(b) measured at the 
bottom of the slab or drop panel. 

2. Where a column is without a concrete capital, the dimension « 
shall be taken as that of the column in the direction considered. 

3: Brackets capable of transmitting the negative bending and the 
shear in the column strips to the columns without excessive unit stress 
may be substituted for column capitals at exterior columns. The valu 
of c for the span where a bracket is used shall be taken as twice the dis- 
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tance from the center of the column to a point where the bracket is 114 


in. thick, but not more than the thickness of the column plus twice the 
depth of the bracket. 

1. Where a reinforced concrete beam frames into a column without 
capital or bracket on the same side with the beam, for computing bend- 
ing for strips parallel to the beam, the value of ¢ for the span considered 
may be taken as the width of the column plus twice the projection of the 1 
beam above or below the slab or drop panel. 


5. The average of the values of ¢ at the two supports at the ends 
of a column strip shall be used to evaluate the slab thickness ¢; or ty as 
prescribed in Section 1004(d). 

(d) Slab thickness 

1. The slab thickness, span L being the longest side of the panel, 

shall be at least: 

L/36 for slab without drop panels conforming with Section 1004(e), 
or where a drop panel] is omitted at any corner of the panel, but 
not less than 5 in. nor ¢; as given below. 

L/40 for slabs with drop panels conforming to Section 1004(e) at all 
supports, but not less than 4 in. nor f, as given below. 

2. The total thickness, ¢;, in inches, of slabs without drop panels, 

or through the drop panel if any, shall be at least 


% p ,/ 
t, = 0.0281 (1 moe )y meee 1447 
3L/V_ f.’/2000 
3. The total thickness, f:, in inches, of slabs with drop panels, at 


points beyond the drop panel shall be at least 


2c w’ 
te = 0.024L (1 — ) + 1* 
3L, | f.£/ 2000 


1. Where the exterior supports provide only negligible restraint 
to the slab, the values of ¢; and ¢, for the exterior panel shall be increased 
by at least 15 percent. 

(e) Drop panels 

1. The maximum total thickness at the drop panel used in com- 
puting the negative steel area for the column strip shall be 1.5¢2. 

2. The side or diameter of the drop panel shall be at least 0.33 

times the span in the parallel direction. 

3. The minimum thickness of slabs where drop panels at wall ; 
columns are omitted shall equal (¢; + t2)/2 provided the value of ¢ 
used in the computations complies with Section 1004(c). 


ant attends $ 


(f) Bending moment coefficients 
|. The numerical sum of the positive and negative bending mo- 
ments in the direction of either side of a rectangular panel shall be 


assumed as not less than 





*In the above formulas, ¢; and f2 are in inches and L and ¢ are in feet 



















M. = 0.09 WLF (1 - ) 
SL 


in which F = 1.15 ¢/L but not less than | 

2. Unless otherwise provided, the bending moments at the critical 
sections of the column and middle strips shall be at least those given In 
Table 1004(f). 


TABLE 1004(f)—MOMENTS IN FLAT SLAB PANELS IN PERCENTAGES OF M. 





Side End 
Column su} su} ] Inte r panel 
Strip head por 
ty} t | 
I i I Negati 
mor nt 
\ 14 
With B f i 2x70) 50 
drop 
( 7 
Column 
strip A i) 
With 
out B 1 0 1 
drop 
( 
4 ) 
With B 20 ) 7 15* 
droy 
( ‘ 
Middle 
strip \ 10 
With 
out B 20 s f 16* 
drop 
( % 
4 
I 18 x ) 
( 8 
\ om 
With 2 B { } R 19 
drop - 
{ ‘ 
Half \ 
column 
strip 3 B 
adja 
cent ( 8 
margi 4 
nal 
beam l B 
wall ( 
\ 
Wi 
4 out 2 I } 5 
< droy 
{ ( 
> \ ‘ 
| | 
‘ ( - 
*Increase negative m ) per ‘ s I LCTOss § 
type BorC. No othe , dt t 
Note For intermediate proportions | i ss s is and its 4 
be obtained by inte rpolation 
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TABLE 1004(f) {cont.|—MOMENTS IN FLAT SLAB PANELS 


Type of support listed in 


Percentage of panel Table 1004(f) 
load to be carried 
by marginal beam or Side Side or end End 
wall in addition to support edge condition of slabs of support 
loads directly super parallel depth ¢ at right 
imposed thereon to strip angles to 
strip 
0 l Columns with no beams 
20 2 Columns with beams of total depth 1\4¢ A 
40 3 Columns with beams of total depth equal to or 
greater than 3¢ B 
Reinforced concrete bearing walls integral with 
slab 
Masonry or other walls providing negligible 
restraint C 


» 


3. The average of the values of c at the two supports at the ends 
of a column strip shall be used to evaluate WM, in determining bending in 
the strip. The average of the values of M,, as determined for the two 
parallel half column strips in a panel, shall be used in determining bend- 
ing in the middle strip. 

1. Bending in the middle strips parallel to a discontinuous edge 

shall be assumed the same as In an interior panel. 

5. For design purposes, any of the moments determined from 

Table 1004(f) may be varied by not more than 10 percent, but the nu- 
merical sum of the positive and negative moments in a panel shall be not 
less than the amount specified. 

(g) Length of reinforcement—In addition to the requirements of Section 
1002(d), reinforcement shall have the minimum lengths given in Tables 
1004(g)1 and 1004(g)2. Where adjacent spans are unequal, the extension of 
negative reinforcement on each side of the column centerline as prescribed 
in Table 1004(g)1 shall be based on the requirements of the longer span. 

(h) Openings in flat slabs 

1. Openings of any size may be provided in a flat slab in the area 

common to two intersecting middle strips provided the total positive 
and negative steel areas required in Section 1004(f) are maintained. 

2. In the area common to two column strips, not more than one- 
eighth of the width of strip in any span shall be interrupted by open- 
ings. The equivalent of all bars interrupted shall be provided by extra 
steel on all sides of the openings. The shearing unit stresses given in 
Section 1002(c)2 shall not be exceeded. 

3. In any area common to one column strip and one middle strip, 
openings may interrupt one-quarter of the bars in either strip. The 
equivalent of the bars so interrupted shall be provided by extra steel 
on all sides of the opening. 

4. Any opening larger than described above shall be analyzed 
by accepted engineering principles and shall be completely framed as 
required to carry the loads to the columns. 











ile ct ehasb em 









Strip 


Column 
strip 
reinforcement 


Middle 
strip 
reinforcement 


quired. 








Strip 
: Column 
; strip 
‘ reinforcement 
4 
F 
e 
Middle 
strip 
reinforcement 











tWhere no bent bars are used 


Percentage of 
required rein- 
forcing steel 
area to be ex- 
tended at least 
as indicated 


Not less 
than 33 percent 


Not less than 


an additional 
34 percentt 


Remaindert 


Not less 


than 50 percent 





> ar? 
Remaindert 


*At exterior supports where masonry 
the negative reinforcement need not be carried further than 0.20L beyond the centerline of such support 
provided the A-bars are at least 50 percent of total re 


Percentage of 
required rein- 
forcing steel 
area to be ex- 
tended at least 
as indicated 


Not less 


than 33 percent 


Not less 


than 50 percent* 


Remainder* 


50 percent 


50 percent* 


B-bars may be omitted 
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TABLE 1004(g)1—MINIMUM LENGTH OF NEGATIVE REINFORCEMENT 


Minimum distance 
to end of straight bar or to bend point of bent bar* 


Flat slabs without 
drop panels 


Bend point 
where bars 
bend down 
and con 
tinue as 
positive 
reinforce- 
ment 


Straight 


4 bars 
0.30L 
B-bars 


0.27L 


0.25L or 0.20L 


0.25L or O.15L 


walls or other construction provic 


tBars may be straight, bent, or any combination of straight and bent bars. 
bars for the end under consideration unless bent at that end and continued as positive reinforcement 


433 


beyond centerline of support 


Flat slabs with 
drop panels 


Bend point 
where bars 
bend down 
and con 
tinue as 


Str aight 


positive 


reinforce 


ment 
A-bars 
0.33L 
B-bars 
0.30L 

lo edge of 

drop but at 
0.25L or least 

0.20L 
0.25L 
0.251 or O.15L 
only nezligble restraint to the slab 


All bars are to be considered straight 


TABLE 1004(g)2—MINIMUM LENGTH OF POSITIVE REINFORCEMENT 


Maximum distance from centerline of support to 
end of straight bar or bend point of bent bar 


Flat slabs without 
drop panels 


Bend point 
where bars 
bend up 
and con- 
tinue as 
negative 
reinforce- 
ment 


Straight 


0.125L 


3 in. or 0.25L 


0.1251 or 0.25L 


0.15L 


3 in. or 0.25L 


Flat slabs with 


drop panels 


Bend point 
where bars 
bend up 
and con- 
Straight tinue as 

negative 
reinforce- 
ment 


Minimum em 
bedment in 
irop panel 
of 16 bar 
diameters 
but at 

least 10 in 


Minimum em 

bedment in 

drop panel 

of 16 bar or 0.25L 
diameters 

but at 

least 10 in 


O.15L 


3 in or 0.25L 


*Bars may be straight, bent, or any combination of straight and bent bars. All bars are to be considered straight 
vars for the end under consideration unless bent at that end and continued as negative reinforcement. 
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CHAPTER 11—REINFORCED CONCRETE COLUMNS AND WALLS 
1100—Notation 


C = Ratio of allowable concrete stress, f4, in axially loaded column to allow- 
able fiber stress for concrete in flexure. 
to . n 
D= = = a factor, usually varying from 3 to 9. (The term R as used here 
2Re 
is the radius of gyration of the entire column section.) 
d= The least lateral dimension of a rectangular concrete column. 


F = Yield point of pipe (See Section 1106(b) ). 
45,000 

F, = Nominal allowable axial unit stress (0.225 f.’ + f.p,) for spiral 
columns and 0.8 of this value for tied columns. 

F, = Allowable bending unit stress that would be permitted if 
bending stress only existed. 

fa = Average allowable stress in the concrete of an axially loaded reinforced 
concrete column. 

f, = Nominal axial unit stress = axial load divided by area of mem- 
ber (A,). | 

f, = Bending unit stress (actual) = bending moment divided by 
section modulus of member. 

f. = Computed concrete fiber stress in an eccentrically loaded column 
where the ratio of e/t is greater than %. 

f, = Mazimum allowable concrete fiber stress in an eccentrically loaded column. 

K. = Radius of gyration of concrete in pipe columns. 

K K, = Least Radius of gyration of a metal pipe section (in pipe columns). 

30,000 

= —" 

R = Least radius of gyration of a section. 

t = Over-all depth of rectangular column section, or the diameter of a 
round column. 


1101—Limiting dimensions 

(a) The following sections on reinforced concrete and composite columns, 
except Section 1107(a), apply to a short column for which the unsupported 
length is not greater than ten times the least dimension. When the unsupported 
length exceeds this value, the design shall be modified as shown in Section 
1107(a). Principal columns in buildings shall have a minimum diameter o! 
12 in., or in the case of rectangular columns, a minimum thickness of ten 8 
in., and a minimum gross area of 120 sq in. Posts that are not continuous 
from story to story shall have a minimum diameter or thickness of 6 in. 


1104—Tied columns 


(6) Combined axial and bending load—For tied columns which are 
designed to withstand combined axial and bending stresses, the limit- 
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ing steel ratio of 0.04 may be increased to 0.08. The amount of steel 
spliced by lapping shall not exceed a steel ratio of 0.04 in any 3-ft length 
of column. The size of the column designed under this provision shall 
in no case be less than that required to withstand the axial load 
alone with a steel ratio of 0.04. 

(b) (ce) Lateral ties—Lateral ties shall be at least 14 in. in diameter and 
shall be spaced apart not over 16 bar diameters, 48 tie diameters, or the least 
dimension of the column. When there are more than four vertical bars, addi- 
tional] ties shall be provided so that every longitudinal bar is held firmly in its 
designed position and has lateral support equivalent to that provided by a 90- 
deg corner of a tie. 

(c) (d) Limits of column section—In a tied column which for architectural 
reasons has a larger cross section than required by considerations of loading, 
a reduced effective area, A,, not less than one-half of the total area may be 
used in applying the provisions of Section 1104(a). 


1106—Combination columns 

(b) Pipe columns—The allowable load on columns consisting of steel pipe 
filled with concrete shall be determined by formula (24). 

ee Ae ES Ae 


P = 0.25.’ (1 — 0.000025 *) A. + fA, . 


The value of f,’ shall be given by formula (25) when the pipe has a yield 
strength of at least 33,000 psi, and an AK, ratio equal to or less than 
120. 


f’ = 17,000 — 0.485 
K2 


h 
j/ = | 18,000 — 70 | F 
K 


Wherein f,’ = allowable unit stress in metal pipe. 

h = unsupported length of column. 

K = least radius of gyration of metal pipe section. 
yield point of pipe 
46,000 


F = 
If the yield point of the pipe is not known, the factor F shall be taken as 0.5. 


1107—Long columns 
(a) The maximum allowable load, P’, on axially loaded reinforced con- 
crete or composite columns having an unsupported length, h, greater than ten 
times the least lateral dimension, d, shall be given by formula (26). 
P’ = P [1.3 — 0.03 h/d] as xo 
where P is the allowable axial load on a short column as given by Sections 
1103, 1104, and 1105. 
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The maximum allowable load, P’, on eccentrically loaded columns in which 
h/d exceeds 10 shall also be given by formula (26), in which P is the allowable 
eccentrically applied load on a short column as determined by the provisions 
of Section 1109. and 1110. In long columns subjected to definite bending 
stresses, as determined in Section 1108, the ratio h/d shall not exceed 20. 


1109—Determination of combined axial and bending stresses 
(a) Ina reinforced concrete column, designed by the methods of this Chapter, 
which is (1) symmetrical about two perpendicular planes through its axis and (2) 
subject to an axial load, N, combined with bending in one or both of the planes of 
symmetry (but with the ratio of eccentricity to depth, e/t, no greater than 1.0 in 
either plane), the combined fiber stress in compression may be computed on the 
basis of recognized theory applying to uncracked sections, using formula (27). 


P | t+ Belt | (27 
= —| ——— a 9% Sour tt - nn vin Cee 
; A,Li + (n — 1)p, 


Equating this calculated stress, f., to the allowable stress, fp, in formula (29) it 
follows that the column can be designed for an equivalent axial load, P, as given by 
formula (28).* 


p=wi1+ 2)... eee ne ee Te ee, 


When bending exists on both axes of symmetry, the quantity De/t is to be com- 
puted as the numerical sum of the De/t quantities in the two directions. 

(b) For columns in which the load, N, has an eccentricity, e, greater than 
the column depth, t, or for beams subject to small axial loads, the determination 
of the fiber stress f, shall be made by use of recognized theory for cracked sections, 
based on the assumption that no tension exists in the concrete. For such cases 
the tensile steel stress shall also be investigated. 


1109—Columns subjected to axial load and bending 

(a) Members subject to an axial load and bending in one principal 
plane, but with the ratio of eccentricity to depth e/t no greater than 
2/3, shall be so proportioned that 


a 

F, . F, 

(6) When bending is oblique to the principal axes, formula (27 
becomes 


does not exceed unity....... pera wy AAO ME w 8st ican 


A fa. f, 
— — RRO oe Ny i ee a ee ee LY » (28 
F, + F, so F. 


where f,, and f,, are the bending moment components about the «x 
and y principal axes divided by the section modulus of the transformed 
section relative to the respective axes, provided that the ratio e/t is no 
greater than 2/3 in either direction. 


*For approximate or trial computations, D may be taken as eight for a circular spiral column and as five for a 
tangular tied or spiral column. 
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(c) In designing a column subject to both axial load and bending, 
the preliminary selection of the column may be made by use of an 
equivalent axial load given by formula (29). 


* 
p= N(1 +8) | (29) 


(d) Forcolumns in which the load, N, has an eccentricity, e, greater 
than 2/3 the column depth, t, the determination of the fiber stress f, 
shall be made by use of recognized theory for cracked sections, based 
on the assumption that the concrete does not resist tension. In such 
cases the effectiveness of compressive reinforcement may be taken at 
twice the value indicated from calculations assuming a straight-line 
relation between stress and strain and the modular ratio given in 
Section 601, but not greater than the allowable stress in tension. The 
maximum combined compressive stress in the concrete shall not ex- 
ceed 0.45f.’._ For such cases the tensile steel stress shall also be in- 
vestigated. 


1110—Allowable combined axial and bending stress 
(a) For spiral and tre d columns, CCCE ntrically loaded or otherwise subjected 
to combined axial compression and flexural stress, the maximum allowable com- 


pressive stress, fp, ts given by formula (29). 


fet Belt | {+ me 
Jy = Ja = Je (29) 
1 + CDe/t Lt + CDe 


Wherein the notation is that of Section 1103 and 1109, and, in addition fy is the 

average allowable stress in the concrete of an axially loaded reinforced concrete 

column, and C is the ratio of fa to the allowable fibe r stresses for members in fle rure. 

mn ; 0.225 fe’ + fda - ; 

Thus f, = Jee for spiral columns and 0.8 of this value for tied 
I~ (2 — I)p, 


a/0.45 fe. 


columns, and C = f 


(6) For tied columns which are designed to withstand combined axial and 
bending stresses, the limiting total steel ratio of 0.04 prescribed in Section 1104 
may be increased to 0.08, provided that the amount of steel spliced by lapping 
shall not exceed a steel ratio of 0.04 in any 3-ft. length of column. The size of 
the column designed under this provision shall in no case be less than that required 


to withsiand axial load alone in accordance with Section 1104. 


[111 1110—Wind and earthquake stresses 


(a) When the allowable stress in columns is modified to provide for com- 
bined axial load and bending, and the stress due to wind or earthquake 
loads is also added, the total shall still come within the allowable values speci- 
fied for wind or earthquake loads in Section 603(c). 


*For trial computations B may be taken from 3 to 3!4 for rectangular tied columns, the lower value 
being used for columns with the minimum amount of reinforcement. Similarly for circular spiral 
columns, the value of B from 5 to 6 may be used. 
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1112 1111—Reinforced concrete walls 

(c) Panel and enclosure walls of reinforced concrete shall have a thickness 
of not less than 5 4in. and not less than 1/30 the distance between the support- 
ing or enclosing members. 

(d) Bearing walls of reinforced concrete in building of fire-resistive construc- 
tion Reinforced concrete bearing walls of buildings shall be not less than 
6 in. thick for the uppermost 15 ft of their height; and for each successive 25 
ft downward, or fraction thereof, the minimum thickness shall be increased | 
in. In Reinforced concrete bearing walls of two-story dwellings the walls 
may be 6 in. thick throughout their height. 

(e) In buildings of non-fire-resistive construction bearing walls of reinforced 
concrete shall not be less than one and one-third times the thickness required for 
buildings of fire-resistive construction, except that for dwellings of two stories or 
less in height the thickness of walls may be the same as specified for buildings of 
fire-resistive construction. 

(f) (e) Exterior basement walls, foundation walls, fire walls, and party 
walls shall not be less than 8 in. thick whether reinforced or not. 

(g) (f) Reinforced concrete bearing walls shall have a thickness of at 
least 1/25 of the unsupported height or width, whichever is the shorter. 
provided however, that approved buttresses, built-in columns, or piers designed 
to carry all the vertical loads, may be used in lieu of increased thickness. 

(h) (g) Reinforced concrete walls shall be anchored to the floors, or to the 
columns, pilasters, buttresses, and intersecting walls with reinforcement at 
least equivalent to three-eighths inch round #3 bars 12 in. on centers, for each 
layer of wall reinforcement. 

(¢) (h) Reinforced concrete walls shall be reinforced with an area of steel 
in each direction, both vertical and horizontal, at least equal to 0.0025 times the 
cross-sectional area of the wall, if of bars, and 0.0018 times the area if of electri- 
cally welded wire fabric.* The area of the horizontal reinforcement of rein- 
forced concrete walls shall be not less than 0.0025 and that of the verti- 
cal reinforcement not less than 0.0015 times the area of the reinforced 
section of the wall if of bars, and not less than three-fourths as much 
if of welded wire fabric.* The wire of the welded fabric shall be of not 
less than No. 10 W. & M. AS & W gage. Walls more than 10 in. thick 
shall have the reinforcement for each direction placed in two layers paralle! 
with the faces of the wall. One iayer consisting of not less than one-half and 
not more than two-thirds the total required shall be placed not less than 2 
in. nor more than one-third the thickness of the wall from the exterior surface 
The other layer, comprising the balance of the required reinforcement, shal! 
be placed not less than 34 in. and not more than one-third the thickness o! 
the wall from the interior surface. Bars, if used, shall not be less than th: 


equivalent of three-eighths inch round #3 bars, nor shall they be spaced mor 
than 18 in. on centers. Welded wire reinforcement for walls shall be in flat 
sheet form. 


*Expanded metal has been omitted until a specification can be formulated. 
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(j) (é) In addition to the minimum as prescribed in Section 1112(7) (h) 
there shall be not less than two five-eighths inch diameter #5 bars around all 
window or door openings. Such bars shall extend at least 24 in. beyond the 
corner of the openings. 

(k) (fj) Where reinforced concrete bearing walls consist of studs or ribs 
tied together by reinforced concrete members at each floor level, the studs 
may be considered as columns, but the restrictions as to minimum diameter 
or thickness of columns shall not apply. 

(k) The limits of thicknesses and quantity of reinforcement may 
be waived where structural analysis shows adequate strength and 
stability. 


EDITORIAL NOTE 


Chapter 13 is a proposed new chapter, ACI 318-51 containing only 12 
chapters. Since all of the chapter is new, boldface type is not used. 


CHAPTER 13—PRECAST CONCRETE 
1301—Scope 


(a) All provisions of this code shall apply to precast concrete except for 
the specific variations given in this chapter. 
1302—Aggregates 

(a) The maximum size of aggregate shall not be larger than one-third of 
the least dimension of the member. 
1303—Concrete protection for reinforcement 


(a) At surfaces not exposed to weather all reinforcement shal] be pro- 
tected by concrete equal to the nominal diameter of bars but not less than 5% 
in. 


1304—Details 

(a) All details of jointing, inserts, and anchors shall be shown on the 
drawings. 
1305—Curing 


(a) Curing by high-pressure steam, steam vapor, or other accepted proc- 
esses may be employed to accelerate the hardening of the concrete and to re- 


duce the time of curing required by Section 405 provided that the compressive 
strength of the concrete at the time of use be at least equal to the specified 
design strength. 


1306—Identification and marking 


(a) All precast concrete members shall be plainly marked to indicate the 
top of the member and its location and orientation in the structure. Identi- 
fication marks shall be duplicated on the placing plans. 
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1307—Transportation, storage and erection 

(a) Units shall be so stored, transported, and placed that they will not be 
over-stressed or damaged. 

(b) Precast concrete units shall be adequately braced and supported dur- 
ing erection to insure proper alignment and safety and such bracing or support 
shall be maintained until there are adequate permanent connections. 


EDITORIAL NOTE 


The appendix on ultimate strength design is a proposed addition to 
ACI 318-51. Since all of the material is new, boldface type is not used. 


APPENDIX—CRITERIA FOR ULTIMATE STRENGTH DESIGN 
A600—Notation 


(a) Loads and load factors 


U = ultimate strength capacity of section K = load factor 

B= effect of basic load consisting of dead Vv, = ultimate resisting moment 
load plus volume change due to plastic >» = load defined by Eq. (A8) 
and elastic actions, shrinkage, and >. = ultimate strength of concentrically 
temperature loaded member given by Eq. (A6) 

L = effect of live load plus impact P, = ultimate strength of  eccentrically 

loaded member 

W = effect of wind load PP. = maximum axial load on long member 

EE = effect of earthquake forces given by Eq. (A13 

(b) Cross-sectional constants 

1, = gross area of section e, = eccentricity of load P, measured from 

A, = area of tensile reinforcement plastic centroid of section 

1,’ = area of compressive reinforcement f.’ = 28-day cylinder sffength 

A,,; = steel area to develop compressive ‘3 = stress in tensile reinforcement at ulti- 
strength of overhanging flange in T- mate strength 
sections, defined by Eq. (A5) Sy yield point of reinforcement, not to bi 

Ay = total area of longitudinal reinforce- taken greater than 60,000 psi 
ment k, = defined by k,d = distance from ex- 

b = width of a rectangular section or over- treme compressive fiber to neutral 
all width of flange in T-sections axis at ultimate strength 

b’ = width of web in T-sections k, = ratio of average compressive stress t: 

D- = total diameter of circular section 0.85 f. 

D, = diameter of circle circumscribing the ko =ratio of distance between extreme 
longitudinal reinforcement in circular compressive fiber and resultant o 
section compressive stresses to distance br 

d = distance from extreme compressive tween extreme fiber and neutral axis 
fiber to centroid of tensile reinforce- m = f,/0.85 f. 
ment m =m-— 1 

d’ = distance from extreme compressive p = A,/bd 
fiber to centroid of compressive rein- p’ = A,'/bd 
forcement Py = Ags/b'd 

f = eccentricity of axial load measured ps = Agt/A, 
from the centroid of tensile reinforee- p, = A,/b’d 
ment q = pfy/fe 

e’ = eccentricity of axial load measured {¢ = flange thickness in T-sections, als 
from plastic centroid of section total depth of rectangular section 
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A601—Definitions and scope 

(a) This appendix presents recommendations for design of reinforced 
concrete structures by ultimate strength theories.* The term “ultimate 
strength design” indicates a method of design based on the ultimate strength 
of a reinforced concrete cross section in simple bending, combined bending 
and axial load, shear, or bond on the basis of inelastic action. 

(b) These recommendations are confined to design of sections. It is as- 
sumed that external moments and forces acting in a structure will be de- 
termined by the theory of elastic frames. With the specified load factors, 
stresses under service loads will remain within safe limits. 


A602—General requirements 

(a) The American Concrete Institute “Building @ode Requirements for 
teinforced Concrete” shall apply to the design of members by ultimate 
strength theory except where otherwise provided in this appendix 

(b) Analysis of indeterminate structures, such as continuous girders and 
arches, shall be based on the theory of elastic frames. For buildings of usual 
types of construction, spans, and story heights, approximate methods such 
as the use of coefficients recommended in the ACI Building Code are ac- 
ceptable for determination of moments and shears. 

(c) Bending moments in compression members shall be taken into account 
in the calculation of their required strength. 

(d) In arches the effect of shortening of the arch axis, temperature, shrink- 


age, and secondary moments due to deflection shall be considered. 


(e) Attention shall be given to the deflection of members, including the 
effect of creep, especially whenever the net ratio of reinforcement which is 
defined as (p — p’) or (py — py) in any section of a flexural member exceeds 
0.18f'./f,. 


(f) Controlled concrete should be used and should meet the following re- 
quirements. The quality of concrete shall be such that not more than one 
test in ten shall have an average strength less than the strength assumed in the 
design, and the average of any three consecutive tests shall not be less than the 
assumed design strength. Each test shall consist of not less than three standard 
cylinders. 

A603—Assumptions 

Ultimate strength design of reinforced concrete members shall be based on 
the following assumptions: 

(a) Plane sections normal to the axis remain plane after bending 

(b) Tensile strength in concrete is neglected in sections subject to bending. 

(c) At ultimate strength stresses and strains are not proportional. The 
diagram of compressive concrete stress distribution may be assumed a rec- 


*Basic supporting and explanatory data are given in teport of the ASCE-ACI Joint Committee on Ultimate 
Strength Design,” Proceedings, ASCE, V. 81, Paper No. 809, Oct. 1955. This report is also scheduled for publi 
cation in the January 1956 ACI JourNa.. 
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tangle, trapezoid, parabola, or any other shape which results in ultimate 
strength in reasonable agreement with comprehensive tests. 

(d) Maximum fiber stress in concrete does not exceed 0.85f".. 

(e) Maximum concrete strain is limited to 0.003. 

(f) Stress in tensile and compressive reinforcement at ultimate load shall 
not be assumed greater than the yield point or 60,000 psi, whichever is smaller. 


A604—Load factors 
(a) Members shall be so proportioned that an ample factor of safety is 
provided against an increase in live load beyond that assumed in design; and 
strains under service loads should not be so large as to cause excessive crack- 
ing. These criteria are satisfied by the following formulas: 
1. For structures in which, due to location or proportions, the 
effects of wind and earthquake loading can be properly neglected: 
’ =1.2B + 2.4L... (1) 
"= AK(B+L (iI) 
For structures in which wind loading must be considered: 
+241 + 0.6W (Ia) 
+ 0.6L + 2.4W (Ib) 
+L+ “4W) (Ila 
+16L + W) (IIb) 


For those structures in which earthquake loading must be 


considered, substitute E for W in the preceding equations. 

(b) The load factor, K, shall be taken equal to 2 for columns and members 
subjected to combined bending and axial load, and equal to 1.8 for beams and 
girders subject to bending only. For shear and diagonal tension and bond, 
the load factor, K, shall be taken as 2. 

A605—Rectangular beams with tensile reinforcement only 

(a) The ultimate capacity of an under-reinforced section is approached 
when the tensile steel begins to yield. The steel shall then be assumed to 
elongate plastically at its yield point stress, thereby reducing the concrete 
area in compression until crushing takes place. The ultimate strength so 
obtained is controlled by tension. 

(b) The computed ultimate moment shall not exceed that given by: 

M, = bd*f.’ qi — 0.59q) (Al) 
in which q = pf,/f.’. 

(c) In Eq.(Al), the maximum ratio of reinforcement shall be so limited 
that p does not exceed: 

p = 0.40 f.' /f, ‘ (A2) 

The coefficient 0.40 is to be reduced at the rate of 0.025 per 1000 psi con- 
crete strength in excess of 5000 psi. 


A606—Rectangular beams with compressive reinforcement 


(a) The ultimate moment shall not exceed that computed by: 
M, = (A, — Av’) f,d [1 — 0.59 (p — p’) f/f] + A’ fy* (d — d’) (A3) 


*Correction for concrete area displaced by compressive reinforcement may be made by subtracting 0.86 /.’ fro: 
fy in thie term only. 
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(b) In Eq.(A3), the maximum ratio of reinforcement shall be so limited 
that (p — p’) does not exceed the values given by Eq.(A2). 


A607—T-sections 

(a) When the flange thickness equals or exceeds the depth to the neutral 
axis given by k,d = 1.30 qd, the section may be designed by Eq.(A1), with g 
computed as for a rectangular beam with a width equal to the over-all flange 
width. 

(b) When the flange thickness is less than /,,d, the ultimate moment shall 
not exceed that computed by: 

M, = (A, — Ass) fyd [1 — 0.59 (pu — py) fy/fe'] + Aas fy (d — 0.5t (A4) 
in which A,;, the steel area necessary to develop the compressive strength of 
the overhanging portions of the flange, is: 

Ay = 0.85(b — b’)t fe’ /fy (A5 

(c) In Eq.(A4), the maximum ratio of reinforcement shall be so limited 
that (p. — py) does not exceed the values given by Eq.(A2). 


A608—Concentrically loaded short columns 
(a) All members subject to axial loads shall be designed for at least a 
minimum eccentricity: 
for spirally reinforced columns, the minimum eccentricity measured from 
the centroidal axis of column shall be 0.05 times the depth of the column 
section, 
for tied columns, the minimum eccentricity shall be 0.10 times the depth. 
(b) The maximum load capacity for concentric loads for use in Eq.(A10) 
is given by the formula: 
P, = 0.85 f.’(Ay — An) + Aa f 


a 


y (A6 


A609—Bending and axial load: Rectangular section 

(a) The ultimate strength of members subject to combined bending and 
axial load shall be computed from the equations of equilibrium, which when 
k, is less than unity may be expressed as follows: 

P, = 0.85 fe’ bdkky + A,’ f,h* — Af (A7a 

Pye = 0.85 fe’ bd? kuki (1 — koky) + Aa’ fy* (d — dd A7b) 
In Eq.(A7a) and (A7b), ks/k; shall not be taken as less than 0.5, and k, shall 
not be taken greater than 0.85 for f.’ S 5000 psi. The coefficient 0.85 is to be 
reduced at the rate of 0.05 per 1000 psi concrete strength in excess of 5000 psi. 

(b) It shall be assumed that the section is controlled by tension when: 


P 90,000 - 
P, = P, = 0.85 k, —}f.' bd + A,’ fy* 1. / (AR 
90,000 + f, 


The section is controlled by compression when P,, exceeds P,,. 
(c) When the section is controlled by tension, the ultimate strength shall 
not exceed that computed by: 


*Correction for concrete area displaced by compressive reinforcement may be made by subtracting 0.85 f:’ from 
Su. 
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P., = 0.85 f bd } p m' — pm + (1 ejd 


Vil e/dy? 4 2 I d)( pn ym’) + p’m’ (1 d'/d) \ . (A9 
I I / / j 


Peper yy 


(d) When the section is controlled by compression, a linear relationship 
between axial load and moment may be assumed for values of P, between 
that given as P, by Eq.(A8) and the concentric ultimate strength P, given 
by Eq.(A6). For this range the ultimate strength may be computed by 
either Eq.(A10) or (A111): 


P 
P, = (A10 


P, = —— - (All 


A610—Bending and axial load: Circular sections 

(a) The ultimate strength of circular sections subject to combined bend- 
ing and axial load may be computed on the basis of the equations of equi- 
librium taking into account inelastic deformations, or by the empirical 
formulas Eq.(A12) and (A13): 


When tension controls: 


Pe = (85 fF 1» 0.85 e’ = os) 4 ponD, 0.85 e’ — 0.38 (A112 
VN\ D 2.5D D 


When compression controls: 
Auafy 4. £5 

P, = . i (A13 
He 9.6De' 


> 4 
dD, (O.8D + 0.67D,)* E 


A611—Long members 


(a) When the unsupported length, Z, of an axially loaded member is 
greater than 15 times its least lateral dimension, the maximum axial load, P,’, 
shall be determined by one of the following methods: 

L. Po = P68 — OL... .... eee ae (Al4 


2. A stability determination for P,’ may be made with an apparent re- 









duced modulus of elasticity used for sustained loads, such as the method rec- 
ommended in the report of ACI Committee 312, “Plain and Reinforced Con 
erete Arches” (ACI JourNnaL, May 1951, Proc. V. 47, p. 681). 









A612—Shear and diagonal tension 


Studies and experimental investigations are now in progress by the ACI 





ASCE Joint Committee on Shear and Diagonal Tension. Until new desig: 





procedures are available, the provisions on shear and diagonal tension i! 
Chapters 8 and 10 shall be applied except that 






(a) When the yield point of the longitudinal reinforcement is assumed a+ i 
40,000 psi or less, the ultimate stress in shear and diagonal tensio! 
shall not be assumed to exceed twice that allowed in Table 305(a 
and Chapters 8 and 10. 
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When the yield point of the tensile reinforcement is assumed greater 
than 40,000 psi, the ultimate stress in shear and diagonal tension shall 
not be assumed to exceed 3 — (f,/40,000) times that allowed in Table 
305(a) and Chapters 8 and 10. 

The stress in web reinforcement under ultimate load shall not be 
assumed greater than the yield point or 40,000 psi, whichever is smaller. 


A613—Bond and anchorage 
The provisions for bond and anchorage in Chapter 9 shall be applied except 


that the bond stress under ultimate load shall not be assumed greater than 
twice the allowable bond stress given in Table 305(a). 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNAL. In Proceedings V. 52 discussion immediately 
follows the June 1956 JouRNAL pages. 
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Effect of Carbon Dioxide on Fresh Concrete’ 


By J. A. KAUER and R. L. FREEMANT 


SYNOPSIS 


Fresh concrete specimens were subjected to carbon dioxide immediately after 
molding. These specimens were then cured in various humidities and tem- 
peratures in CO, atmospheres ranging from 4.5 to 18 percent for 24 to 96 hr. 
Tests were then made on hardness of surface, depth of carbonation, amount of 
carbonation on surface as compared with unexposed specimen, and compressive 
strengths. 

These tests indicated that fresh concrete exposed to CO, resulting from 
the use of salamanders or other heating devices which exhaust the flue gases 
directly into the room, have soft surfaces of various depths depending on 
the concentration of COs, the temperature at which concrete is cured, and the 
humidities under which it is cured. 

The authors found that chemically produced hardeners have no appreciable 
effect on the surface. Grinding the surface is the only way to restore or salvage 
the concrete. 


INTRODUCTION 


For years concrete technicians and consulting engineers have been called 
on to diagnose faulty floor surfaces. The faulty floor surfaces of concrete 
placed during the cold weather construction season when no artificial heat was 
used are normally simply explained; the concrete was placed too wet, it was 
over finished, it dried too rapidly, cement was dusted on to dry up the surface, 
improper curing, or freezing of concrete. 

The surfaces that have plagued the construction industry for so long have 
been the surfaces of concrete floors placed during the winter months where 
temporary heating was necessary for protection from freezing. To the con- 
crete technician or consulting engineer, the usual symptoms, previously 
mentioned, could not be traced as the cause. 

Several years ago the authors were called in to diagnose a warehouse floor 
being constructed during the winter months in Wisconsin. This large floor 
was being placed in alternate slabs approximately 20-ft square. The contractor 
followed the best construction methods available at the time. The air in the 
building was maintained at a temperature around 50 F before, during, and 
after placing the concrete and was kept at this temperature for at least 5 days. 

*Received by the Institute May 23, 1955. Title No. 52-27 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrere Institute, V. 27, No. 4, Dec. 1955, Proceedings V. 52. Separate prints are available at 35 cents each. 
iy hy gs gue should reach the Institute not later than Apr. 1, 1956. Address 18263 W. McNichols 


tMembers American Concrete Institute, Technical Service Director and Technical Service Engineer, respectively, 
Huron Portland Cement Co., Detroit, Mich. 
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The concrete was finished and wet burlap applied as soon as the concrete was 
hard enough so that the surface would not be marred. This was then kept 
wet for the 5-day period. Temporary heaters were used to maintain the tem- 
perature. The heaters consisted of oil burners with blowers which produced 
approximately 200,000 Btu each. These burners were so constructed that all 
of the gases were exhausted into the room; no stacking was provided. After 
the first sections were cured and protected, as stated above, the floor was 
uncovered and the surface was noticed to be soft to a depth of 4% in. The 
concrete underneath the soft surface was hard. Since all precautions were 
taken, the contractor blamed the concrete and cement. On the next place- 
ment, concrete was purchased from another producer and a different brand 
of cement was used. Everything else was the same. The result—a soft 
surface the same as before. The authors were then called in and it was sug- 
gested that one section be placed as before and another section placed and 
cured with a membrane curing compound. The water-cured section was soft 
as before, but the section which was cured with curing membrane immediately 
after finishing was excellent and hard. It was then suggested that concrete 
be placed in the warehouse, water cured as before and protected with these 
temporary heaters, and another floor be placed at another location, where 
permanently installed nonexhausting heating was available, and water cured. 
The warehouse floor again was soft and the floor where permanent heat in the 
building was used was excellent and hard. Conclusion, the temporary heaters 
were the cause. 

Analyses were made of the concrete from this warehouse floor. The de- 
gree of surface carbonation was determined by comparing the calcium hy- 
droxide content of the surface with the calcium hydroxide content of the 
relatively uncarbonated inner mass. The calcium hydroxide content of the 
hydrated cement was evaluated by using the standard procedure for uncom- 
bined lime in clinker and cement. This method does not distinguish be- 
tween calcium oxide and calcium hydroxide. The analyses indicated a: de- 
gree of surface carbonation (as percent Ca(OH)s converted to CaCO ;) of 84 
percent to a depth of 4%in. The depth of carbonation was determined using 
phenopthalein as an indicator. The floor was about one month old and the 
depth of carbonation from normal exposure should not have been measurable. 

Chemical hardeners were used on the soft floors with no hardening effect. 
The only solution was a costly grinding operation. 

Preliminary tests were run in a partially closed room using a standard oil 
burning salamander. Combustion gases were measured with an Orsat gas 
analyser and a Dwyer CO, indicator. It seemed that all combustion gases, 
other than CO, which might be harmful to concrete, were in such low con- 
centrations that it was assumed that their effects would be negligible and, 
therefore, tests were proposed using only CO,. Tests on individual heaters 
indicated that the flue gases of the oil-burning salamanders contained from 
12 to 15 percent CO, and the flue gases of the propane fueled units from 5 to 
8 percent CO,. Further tests indicated that approximately 5 percent CO: 
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could be present during average cold weather construction using temporary 
heaters. 

Five percent carbon dioxide is equal to 143 times the amount of CO, found 
in the normal atmosphere which is approximately 0.035 percent. 


METHOD OF TESTING 


Because the authors’ primary interests were with the physical rather than 
the chemical effects, it was decided to use CO, supplied in a liquified state 
under pressure. The CO, could be maintained at any desired concentration 
in this form. Dry ice was considered, but it was thought that the quantity 
of COs could not be maintained at a constant concentration in the desired 
range of 5-20 percent. It was also thought that dry ice would lower the 
curing temperature too much. 

The test ehamber was a 2! x 2 x 2-ft welded sheet metal box equipped 
with a thermo-regulator, hygrometer, circulating fan, 100-watt light for 
temperature regulation, and a needle valve for controlling CO, flow. A 6x 
10-in. removable window was placed on the front of the chamber to allow 
specimens to be finished without greatly disturbing the CO, concentration. 
An automatic water dispenser was mounted on the chamber to keep the 
specimens moist. The dispenser, however, was not used as the specimens 
were kept moist by the high humidities. 

Two kinds of specimens were used. Circular plates of 4/5-in. diameter 
with a surface area of approximately 16 sq in. were used to study surface 
effects.* These specimens were 11% in. thick. Standard 2 x 2 x 2-in. ASTM 
cube molds were used for strength and chemical tests. Because of the greater 
solubility of CO, at lower temperatures (Fig. 1) the authors intended to con- 
duct a series of tests at various temperatures and with a higher concentration 
of CO, than might be found on any ed Sere 
temporarily heated construction. -- f | 
Series 1, 2, and 3 were run at tem- 
peratures of 40 F, 57 F, and 71 F, 
with the CO, concentration main- 


4 


tained between 16 to 18 percent.t 


N LITER OF 


The relative humidity was maintained 
as constant as possible with the avail- 
able apparatus and for the most part 
was recorded between 84 and 97 per- 
cent throughout these tests (Table 1). 
Series 4 was maintained at a con- 050 
centration of 16 percent CO». The “30 40 $0 60 70 80 
temperature was kept at 50 F and the TEMPERATURE (‘F) 
relative humidity was controlled be- 
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; Fig. 1—Variation of solubility of CO. 
tween 60-65 percent. Series 5 was in water with temperature 


*Aluminum pie pans were used for molds. 
tMaximum amount measurable was 20 percent 
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TABLE 1—DEPTH OF CARBONATION IN 24 HR 
Depth of carbonation, in. 
No CO, CO, atmosphere 
COs, Tempera- | Relative — 
Series percent, ture, deg F humidity, | Laboratory |, Membrane Burlap Moist 
No. 24 hr percent cured cured cured cured 
16.8 } 97.4 0.O11T 5; 0.076 0.112 
16 57 .§ 90.6 ¥ 0.086 0.137 
18.: 83.8 . 0.110 0.160 
16.6 49} 64.0 O19 0.075 0.086 
10.; 59. S4 023 0.070 0.080 


5 
6 4. 65.6 88.3 025 0.057 0.075 


~ *Not included in Series 1, 2,and3. 

tOne group of specimens only. 
maintained at a concentration of 10 percent COs, a temperature of 60 F, and 
a relative humidity of 85 percent. Series 6 was maintained af: concentra- 
tion of 4.5 percent COs, a temperature of 66 F, and a relative humidity 
of 88 percent. 

Air-entraining cement was used to eliminate bleeding and reduce the 
finishing time. Graded Ottawa sand was used with the thought that the 
specimens when broken would have a finer texture and the amount of car- 
bonation would be more easily detected. The water-cement ratio was main- 
tained at 0.58 for all tests to simulate the W/C ratio normally used on average 
floor construction. The mix proportions were 1 to 2.75 by weight. 

All specimens were placed in the test chamber immediately after molding. 
Specimens to be burlap cured were covered with wet burlap and kept moist. 
The specimens to be moist cured were kept moist after the final finish. Those 
cured with a membrane curing compound were sprayed with the compound 
immediately after the final finish. All specimens were screeded, floated, 
and finished to simulate job site conditions. 

Each series contained eight plates and three cubes for each type of cure. 
Two* plates of each type of cure were removed from the chamber at 24, 48, 
72, and 96 hr. These plates were then stored in laboratory air until they 
reached the age of 7 days. The specimens were then tested for depth of car- 
bonation using phenolphtalein as an indicator. “The depth of carbonation 
can be easily observed on a freshly cut surface by treating with phenolphtal- 
ein, when the carbonated skin remains uncolored while the inner portion, 
in which free calcium hydroxide still remains, is colored pink.” t 

The depth of carbonation was measured with a micrometer and an optical 
magnifier and averaged using three to six measurements. 

The 2 x 2 x 2-in. cubes remained in the chamber exposed to CO, for 96 hr. 
They were then removed and cured in a laboratory fog room according to 
ASTM specifications, with humidity and temperatures closely controlled 
until they attained the age of 28 days. They were then tested for compressio! 
and carbonation for each type of cure. 


*Results averaged. 
tp. 326, Reference 1. 
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Fig. 2—Properly applied 
membrane curing agent 
protects against surface 
carbonation (light areas in 
(photograph) 


TEST RESULTS AND DISCUSSION 
Carbonation 

Carbonation results are summarized in Table 1, which includes percent of 
CO., average temperature, relative humidity, and thickness of surface car- 
bonation of moist cured, laboratory cured, wet burlap cured, and membrane 
cured specimens. These results are for specimens subjected to a CO, atmos- 
phere for 24 hr only. No apparent increase in carbonation after 24 hr was 
observed and therefore results were not recorded. ‘The specimens cured in 
the laboratory were tested with Series 1 but were not subjected to a COs at- 
mosphere. Series 1, 2, and 3 did not include specimens cured with a mem- 
brane curing agent. An attempt was made during a later series of tests to 
cure some specimens with flake calcium chloride, but the surfaces were soft 
and powdery and were completely disintegrated when the specimens were 
broken prior to testing. This was probably due to the application of CaCl, 
too soon after the final finish. However, there was some indication of re- 
ducing carbonation with CaCl., but because of limited time, this phase was 
earried no further. Depth of carbonation was averaged from two specimens, 
with each specimen averaged using three to six measurements. 

In Series 1, 2, and 3 the carbonation increases with the temperature. This 
was contrary to the authors’ first suspicions because of the increased solu- 
bility of CO, at lower temperatures (Fig. 1), but it was found that almost 
twice as much CO, was required to maintain the concentration at the higher 
temperatures than was necessary at the low temperature. This may partially 
account for the increase in carbonation. 

In Series 4, 5, and 6 specimens cured with a membrane curing agent were 
added and results indicate that some benefit is apparent. However, the 
agent must be applied with care, and as soon as possible to the concrete. 
If the curing agent is applied uniformly, protection will be satisfactory (Fig. 


2). However, if coverage is not heavy enough, CO, will penetrate any open- 
ing (Fig. 3). It was also noted that CO» has a tendency to penetrate deeper 


Fig. 3—Inadequate mem- 

brane covering allows 

spotty and detrimental sur- 

face carbonation (light 
areas) 
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into the surface wherever 
air bubbles or water fiss- 
ures are formed (Fig. 4). 
Where no _ protection is 
afforded a complete car- 
bonation of the surface will 
result (Fig. 5). 


Hardness 
All specimens cured in 
a CQO, atmosphere were 
found to be soft and their 
surfaces were easily scratch- 
Fig. 4—Air bubbles and fissures allow deep © (Fig. 6). The softness 
carbonation (note area to left of center) was present only through 
the carbonated portion as 
indicated by the phenolphtalein test previously described. The uncarbon- 
ated concrete was found to be hard and normal in all respects. No attempt 
was made to determine or tabulate the degree of hardness as the normal 
abrasion found on any floor would have removed the carbonated layer of all 

specimens in a short time. 

It was noted that after the specimens had been retested at later dates, the 
CO, had penetrated deeper into the concrete. In some cases this penetration 
was greater than 14 in. This additional penetration, however, did not affect 
the hardness below the original 24-hr layer. 


Strength 


Table 2 includes compressive strengths of laboratory cured, moist cured, 
wet burlap cured, and membrane cured standard 2 x 2 x 2-in. cubes. These 
cubes (excepting laboratory cured) were subjected to CO, for 96 hr and 
laboratory cured for the remainder of 28 days. 


Even though a soft sur- 
face with little or no 
strength resulted, the 
strength shown in Table 2 

indicated an increase ol 

strength on specimens 

cured in CO,. This, the 

authors believe, is due to 

the additional carbonatio 

which took place at the 

later age. 

CONCLUSIONS 
1. The field and labora- 

Fig. 5—No protection permits deep and com- try tests indicate a hithe 
plete carbonation resulting in a soft surface to unsuspected cause 





EFFECT OF CARBON DIOXIDE ON FRESH CONCRETE 


Fig. 6—Carbonated = sur- 

faces are easily scratched 

as indicated by the indented 
specimen on left 


soft surfaces on floors when unvented coal, coke, oil, or propane burning 
heaters are used for temporary heat in cold weather. The solubility curve of 
CO, (Fig. 1) indicates conditions essential to undesirable carbonation are low 
temperatures (probably 30-50 F), moisture, and CO, atmosphere. 


2. If concrete is exposed to an excessive CO, atmosphere during the first 24 
hr of life, a soft, chalk-like, nonserviceable carbonated surface will result. 
If on the other hand, the concrete is sealed off or protected for the first 24 
hr by the use of a membrane curing compound, or of any other similar type of 
surface sealer, no damage will result from premature carbonation. This is 
true only if a complete sealing of the surface is obtained. After 24 hr the CO, 


atmosphere will have no deleterious effects and in all probability will enhance 


the quality of the concrete. 
3. Conerete, in setting and hardening, goes through several stages: 
1. Unhydrated cement 
2. Metastable gel or crystalline hydrated products: calcium hydroxide, hydrated 
calcium aluminate, and sulfoaluminate. The calcium aluminate may perhaps 
form a gel initially and crystalline subsequently 
3. Stable gel 
4. Crystalline products 
The authors’ theory on carbonation is that if carbonation due to CO, 
takes place when the cement gel is in an unstable condition, the results will 


TABLE 2—COMPRESSIVE STRENGTH AT 28 DAYS 


Compressive strength, psi 
No CO, CO, atmosphere 


Laboratory Membrane Burlap Moist 
cured cured cured cured 


3470 ‘ 3832 329] 
3437 ‘ 3575 3475 
3490 . 3810 4040 
3000 3340 3510 
3341 4224 4266 
3433 3683 3608 


*Not included in Series 1, 2, and 3. 
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be detrimental; but on the other hand, if carbonation due to CO, takes place 
after the cement gel is in the stable state, the results will be beneficial both in 
hardness and strength. 


Carbonation of concrete is the chemical combining of carbon dioxide with 
the hydration products of portland cement. Carbon dioxide combines prin- 
cipally with calcium hydroxide, but will also attack and decompose the 
calcium silicate and aluminates and combine with the calcium portion of 
these compounds to form calcium carbonate. 


4. To prevent carbonation damage to floors placed during cold weather, 
the authors offer these suggestions: 

a. Use temporary heaters which do not allow combustion gases to contaminate the 
atmosphere surrounding the floor. 
Use a membrane curing agent as soon as possible if unvented heaters are used. Bur- 
lap or wet cure is apparently not sufficient. 
If salamanders or unvented heaters are used, provide proper stacking to exhaust 
combustion gases to the outside atmosphere. 


RECOMMENDATIONS 


It is recommended that further research be encouraged to confirm or refute 
the conclusions drawn from this restricted program and thereby establish 
new recommendations for concreting procedures during cold weather. With 
the ever increasing demand for cold weather construction and the increasing 
number of temporary heaters being used, the authors feel that everyone using 
such heating devices should be informed so that precautionary measures 
can be taken. 
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Concrete Stress Distribution in Ultimate Strength 
Design™ 


By EIVIND HOGNESTAD, N. W. HANSON, and DOUGLAS McHENRY? 
SYNOPSIS 


Test data are presented which demonstrate the reality and validity of the 
fundamental plasticity concepts involved in ultimate strength design theories 
such as those presented by Whitney, Jensen, and others. 

A review of earlier experimental investigations regarding the stress distribu- 
tion in the compression zone of structural concrete flexural members revealed 
that, though many test methods have been tried, very limited direct test data 
are available. On the other hand, considerable information has been de- 
rived indirectly from strength and behavior observed in tests of reinforced 
beams and columns. 

An eccentrically loaded specimen and a test method were developed which 
permit the flexurai stress distribution to be measured. Complete information 
regarding the flexural stress distribution, including stress-strain graphs with a 
descending curve beyond the maximum stress, is reported for w/c ratios of 
1.0, 0.67, 0.50, 0.40, and 0.33 at test ages of 7, 14, 28, and 90 days 


INTRODUCTION 


The distribution of concrete stress in the compression zone of reinforced 
concrete members subject to flexure is of fundamental importance in theories 
regarding the ultimate strength and behavior of such structural members. 
This stress distribution, often referred to as the stress block, was therefore 
discussed in the early papers which in about 1900 led to the development of 
mathematical design procedures for structural concrete. Though the tech- 
nical details emphasized have changed from time to time, periodic attention 
has been devoted to the stress block ever since. Nevertheless, it has been 
possible to gather information only slowly, principally because it is difficult 
to measure stresses in concrete, although strains may be measured easily and 
accurately. 

The formation in 1952 of the joint ACI-ASCE committee on ultimate 
strength design was a result of the growing recognition of the significance of 
the ultimate strength of structural members. To aid the committee in its 
assignment “to evaluate and correlate theories and data bearing on ultimate 

*Presented at the ACI Eighth Regional Meeting, Atlanta, Ga., Oct. 31, 1955. Title No. 52-28 is a part of 
copyrighted JouRNAL OF THE AMERICAN CONCRETE INstitruTeE, V. 27, No. 4, Dec. 1955, Proceedings V. 52. Separate 
prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later than Apr 
1, 1956. Address 18263 W. MeNichols Rd., Detroit 19, Mich. 


tMembers American Concrete Institute, Manager, Structural Dev elopment Section, Associate Development En 


gineer, and Director of Development, respectively, Research and Development Division, Portland Cement Assn 
Chicago, Ill. 
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load design procedures with a view to establishing them as accepted practice,” 
it has again become desirable to improve and extend our knowledge regarding 
the stress block. 


Historical background 

Several early studies of reinforced concrete beams, such as R. M. von 
Thullie’s flexural theory of 1897 and W. Ritter’s introduction of the para- 
bolic stress block in 1899, were aimed at developing a theory to explain and 
permit prediction of ultimate strengths observed in tests. To find a stress- 
strain relation for concrete, these early investigators turned to concentric 
compression tests of prismatic plain concrete specimens. They observed 
deformation and load from zero to the maximum load, and the prism stress- 
strain relation was then applied to the beam problem. 

Such studies and the corresponding emphasis on ultimate strength were 
discontinued about 1900, at which time the elastic straight-line theory and 
the concepts of working loads and working stresses became accepted in design 
throughout the world. Since the modular ratio n is prominently used in the 
straight-line theory, extensive researches were devoted to the modulus of 
elasticity of concretes at low loads. Effects of many variables were investi- 
gated in concentric compression tests, and various expressions for the modulus 
of elasticity of concretes and the modular ratio were suggested. 

A renewed interest in ultimate strength of structural concrete began about 
1930, initiated by F. von Emperger’s critical studies of the modular ratio and 
working stresses as used in design. Since then, a large-number of ultimate 
strength theories involving a variety of hypothetical stress blocks have been 
developed. Several theories based on stress-strain relations obtained in con- 
centric pri-m tests carried beyond the maximum load have also been presented, 
and some investigators have attempted directly or indirectly to measure the 
distribution of flexural stresses in tests of reinforced beams. The number of 
theories suggested between 1930 and 1950 became so large that in 1951 critical 
reviews!? were published in both European and American literature. 

American studies of ultimate strength of structural concrete have now 
reached such an advanced stage of development that detailed information 
regarding the stress distribution in flexure is urgently needed to formulate 
new design procedures based on ultimate strength and to gain their acceptance 
in practice. The investigation reported herein was undertaken, therefore, to 
evaluate previous findings of factual nature and to contribute new data re- 
garding the properties of the stress block. 


Object and scope of investigation 


This investigation was conducted at the Research and Development Labo- 
ratories of the Portland Cement Assn. in 1954. The objectives of the study 


are: (1) to evaluate previous methods and results in experimental investiga 
tions of the stress block, and (2) to develop a test method leading to an im- 
proved and quantitative understanding of the stress block. 
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An eccentrically loaded specimen and a test method were developed, and 
the method was used to measure the properties of the stress block for five 
concretes with w/c ratios of 1.0, 0.67, 0.50, 0.40, and 0.33 at test ages of 7, 
14, 28, and 90 days. 


Notation 
The letter symbols used herein are defined below for convenient reference: 
= concrete gross area ‘.. = stress in compression reinforcement at 
area of tension reinforcement ultimate load 
area of compression reinforcement } = yield point of reinforcement 
eccentricity of load ki, ko, and = coefficients related to mag- 
: tude : sit nal ¢ SSiVe 
= width of rectangular member nitude and position of -“ mal =" sae 
ie force in concrete compression zone (Fig. 1 
total internal compressive force in con- 
} = c/d ratio indicating position of neutral 
crete . 
, axis at failure 
eee a speeneonr a Ve = bending moment, M,. = ultimate 
‘ession edge ol member . 
i " = = ‘ es : bending moment 
distance from centroid of tension rein- 
forcement to compression edge of , modified moment term 
member . 
distance between centroids of tension ? = Load, P = ultimate load 


and compression reinforcements \ 

: we = — , reinilorcement ratio 
modulus of elasticity of concrete bd 
eccentricity of load with respect to 1,f : 

: . ; er = -, tension reinforcement index 
centroid of tension reinforcement hd f 
compressive stress in concrete 1.’f 
, Sage = —. compression reinforcement index 
compressive strength of 6 x 12-in. cyl- bd f.” 
inders 
= strain in concrete 


average compressive stress In concrete = strain in reinforcement at ultimate 
compression zone load 
stress in tension reinforcement at ulti- — « = ultimate concrete strain in flexure 


mate load € = steel strain at initial yielding 


4 


FLEXURAL STRENGTH OF STRUCTURAL CONCRETE 
Basic ultimate strength equations 

To illustrate the properties of the stress block that are most important for 
practical purposes, the basic equations for the flexural strength of structural 
concrete are reviewed. An analytical approach originated by F. Stiissi® is 
used, which through refinements contributed later by others has been made 
applicable to flexure of reinforced concrete with and without axial load? 
as well as to prestressed concrete.°: 

Stress conditions at the ultimate load capacity of a rectangular structural 
concrete member subject to combined flexural and axial load are shown in 
Fig. 1. Equilibrium of moments and forces is expressed by 

Mun = Pune’ = kik; f.’ be (d — koe) + A,’d’f’, (1 

Puy = kiks fe! be + Aa’ f'n — Aef (2) 


The equations for pure flexure are identical, with the right-hand member 
of Eq. (1) equal to M,,, and the right-hand member of Eq. (2) equal to zero. 
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If failure is initiated by yielding of the tension reinforcement, the steel stress 
at the ultimate moment f,,, equals the yield point f,, and with no compression 
reinforcement we obtain by solving Eq. (1) and (2) 


Man | ke 
bd?f,’ q kiks : 


in which the tension reinforcement index 
A, fy, f, 


p- 


7 Ma OR 


Similarly, if both tension and compression reinforcement of an eccen- 
trically loaded member are yielding at failure, we obtain 


, kik e’ r)4 e’ ' 2 ‘a 4k2f ,d’ © oe. (4 
= — @ a = _ — _ “1 ¢ t i@ =— @ ) 
7 d Na aa <¢:a"C=~ 


in which the indexes are 


A, fy Pag * 
hd f.! 


, 
( and q’ = 


bd f’. 

In the equations for tension failure, Eq. (3) and (4), the only property of 
the stress block needed is the ratio ko/kyk3. 

For compression failures, crushing of the concrete takes place before yield- 
ing of the tension reinforcement. It is then necessary to consider strains to 
determine the stress in the tension reinforcement at failure. Assuming a 
linear distribution of strain, we obtain with the notation of Fig. 1 

c €y 


k, = = (5) 
d an Ce 


Combining Eq. (5) with Eq. (1) and (2), and assuming that the compression 
reinforcement is yielding at failure, the tensile stress f,,, as well as Py and 
M.u can be determined. It is then necessary to know e, and independent 
values of ke and ky,k3, not only the ratio ke/kyks. 

If it is assumed that the concrete carries no tension below the neutral 
axis, Eq. (1) to (5) apply also to T-sections and to hollow sections, provided 
that the neutral axis at ultimate load is not below the compression flange. For 
prestressed concrete, an equation similar to Eq. (5) can be used in conjune- 
tion with the stress-strain relation for the prestressing steel to determine the 
steel stress at failure.>- 








Fig. 1—Conditions at ulti- 
mate load 
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Therefore, an analysis of this type is a powerful design tool provided that 
the properties of the stress block are known at least to the extent of ke, kiks, 
and ¢,. If the entire shape of the stress block is known, any shape of section 
and nonsymmetrical bending of rectangular sections can be analyzed. 


Experimental studies of stress block 

It is difficult to measure stresses in concrete at high loads. Strains can of 
course be measured easily by various types of gages, but stresses at high 
loads are not proportional to strains. Many methods have been tried, there- 
fore, to obtain experimental data regarding the distribution of concrete 
stresses in flexure. 

Concentric compression tests—A great number of mathematical expressions 
have been developed for the stress-strain relationship for concentrically 
loaded prisms. Most of these expressions consider the range from zero to 
the maximum stress only, since final collapse of compression test specimens 
often takes place shortly after the maximum stress is reached. Prism stress- 
strain relations have been applied to bending of reinforced concrete by assum- 
ing a linear distribution of strain in the compression zone. Some authors 
have assumed that the extreme “fibers” in a beam at the ultimate moment are 
subject to a maximum stress and a corresponding strain which are both 
similar to those determined in a simple compression test. Others have recog- 
nized, however, that an ultimate strain can be developed which is greater 
than the strain at the maximum stress in a conventional compression test 


It has been shown that the sudden failures observed in compression tests are 


related to the release of energy stored in the testing machine, which in turn 
is related to the stiffness of the machine.’ By using suitably stiff testing 
machines, or by surrounding the concrete specimen by a system of steel 
springs, stress-strain relations have been observed beyond the maximum 
load.*-!! An example of such a relation is given in Fig. 2 


4 
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Fig. 2—Tests of 3 x 6-in. 
concrete cylinders—U. S. - 
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Application of stress-strain relations for concentric compression to flexur: 
of reinforced concrete has been vigorously challenged.!?:'* A plain concrete 
specimen which has been strained beyond the maximum load in concentri 
compression is generally cracked, and the strain response to load is highly 
sensitive to time. It has been asserted, therefore, that concrete strained 
beyond the maximum point of the stress-strain curve is useless for load- 
carrying purposes in beams as well as in columns. An opposite view has been 
expressed by some who point out that special testing techniques are required 
to determine the true stress-strain relationship in concentric compression, 
but that the general characteristics as shown by Fig. 2 are applicable to 
flexure of reinforced concrete. 

Bending-simulation machine—A special testing machine has been con- 
structed at Imperial College, London, to study the behavior of reinforced 
concrete members. The action of compressive stresses in the concrete com- 
pression zone of a prismatic specimen are simulated by six pairs of hydraulic 
jacks operated by six independent pump systems. 

Tests are carried out by increasing the load in stages, and at each stage 
finding by trial the distribution of jack loads corresponding to a linear dis- 
tribution of strains in the specimen as indicated by strain gages. In this 
manner the machine has been used to study the shape of the stress block. 
Only limited results have been published; research with the machine is being 
continued.'® 

Photoelastic methods—The distribution of concrete stresses has also been 
studied by embedding a piece of special glass in the compression zone ot 
reinforced concrete beams.'® Photoelastic patterns obtained by passing 
polarized light through the glass plate at various beam loads gave informa 
tion from which the distribution of compressive stresses was determined. It 
was found, however, that variations in moisture and humidity conditions 
greatly affect the observed stress distributions since volume changes of the 
concrete influenced stresses in the glass plate. The experimental difficulties 
involved in this method are therefore considerable, and the data obtained 
must be interpreted cautiously. 

Stress meters—An attempt has been made to measure stresses by embedding 
a stack of eight steel plates in the compression zone of a reinforced concrete 
beam.'? At both ends the plates had the same width as the beam, while the 
central section where strain gages were located was reduced to give a ‘“‘mod- 
ulus” similar to that of the concrete. Interpreting the strain readings in the 
individual steel plates in terms of concrete stresses, a straight-line stress 
distribution was found even at high loads. The principal weakness of this 
experimental method is the unknown extent to which the introduction of 
the steel plates locally changes the stress conditions in the concrete. 

A more satisfactory method was developed by the U. 8. Bureau of Reclama- 
tion. Small pressure cells were embedded in reinforced concrete beams.'* 
Test results indicate that although strain is linearly distributed even neat 
failure, the distribution of compressive stress is curvilinear with the maxi 
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mum measured stress equal to the cylinder strength. The use of such pressure 
ells is a promising approach to studies of the stress block. The need for 


fairly complex and expensive instrumentation is probably the principal 


reason that the use of this approach has been limited. 

Tests of reinforced concrete—Most of the available data regarding properties 
of the stress block have been obtained from tests of reinforced concrete mem- 
bers. Strains have been measured directly with the aid of strain gages. In- 
formation regarding stress distribution, however, has generally been derived 
indirectly by computing from the requirements of equilibrium those prop- 
erties of the stress block which were consistent with the observed behavior 
and strength of reinforced members. 

A large number of tests have indicated that the distribution of strain in 
structural concrete is esséntially linear even near ultimate load. In this 
respect most investigators have agreed. On the other hand, expressions 
that have been suggested for the ultimate strain e, at the compression face 
vary considerably. For instance, Saliger'® indicated that ¢, is proportional 
to compressive strength, while Brandtzaeg,”° Ros,*! and Jensen** indicated 
a decrease of ¢, with increasing strength. In recent American tests??? it 
has been found that e, is largely independent of compressive strength, and 
average e, values of 0.0034 to 0.0038 have been suggested. 

The ratio k2/k,k3; has been studied extensively since this ratio can be de- 
termined by Eq. (3) when M,., f.’, fy, and beam dimensions are known. Values 
from 0.5 to 0.6 have usually been suggested.! 

The value k,k; has been evaluated from beam test data by measuring the 
depth ¢ to the neutral axis at the ultimate moment and assuming a value of 
ke. Then 

in M at 

r=aC« = kikaf.' be ln 

d koc 

Since M,» is measured, kk; can be evaluated. In this manner Billet and 
Appleton® found 

fil as 3000 + 0.5 f,’ 

1500 + f.’ 
and for f.’ greater than 2000 psi Gaston** obtained 
600 
f.6 — 1500 

Prentis, Hamann, and Lee*4-** have derived further information regard- 
ing the stress block from beam test data by numerical differentiation. The 
methods used by these three investigators are related, and Lee’s derivation 


kiks = 0.625 + 


typifies the principles involved. Four major assumptions were made: 
1. The reinforcement is elastic to the yield point, f, = E,e,. Beyond the yield strain 
€,, Stress is constant and equal to fy. 
2. Concrete does not resist tension. 
3. Linear distribution of strain. 
t. Concrete compressive stress is a function of strain only, f = F (e). Effects of time 
and of strain gradient are neglected. 
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Fig. 3—Bending of beam 
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Internal equilibrium of forces gives 


Pes be a “5 { A,E,, for 0 < 6 < «, 
C=hb F (e,) dx = F(e,) de, = T = : (9) 
m é 4 Af, for €, > & 


Substituting Eq. (8) into Eq. (9), differentiating with respect to ¢€. and re- 
arranging 


i * ' 
= E, | « y S&S & 
bd c 
A, , , de, f 1 
= hy ‘ fé, > . ( 
bd’ y 7 a or € €, ( 


If «. and e, are observed in test beams loaded in small increments, a rela- 
tion between stress f. and strain e«. may be established by Eq. (10) and (11 
when the differentials de,/de. are replaced by finite differences Ae, / Ae, 

Kach of the three investigators presented only a single application of the 
mathematical methods to test data, and promising results were obtained. 
Certain experimental errors, however, tend to be strongly amplified in nu- 
merical differentiation of this type. For instance, measured values of the 
steel strain ¢, are influenced by the position of strain gages relative to cracks 


in the concrete tension zone, and some tensile stresses are carried by the con- 
crete even at high loads. At low loads the concrete is not cracked and Eq 
(10) and (11) do not apply. 


It was felt that these deficiencies could be overcome by modifying the 
testing procedures, particularly by avoiding the complications introduced 
by the presence of reinforcement and tensile stresses in the concrete. 


METHODS OF TESTING AND ANALYSIS 


Prentis applied numerical differentiation to test data from an unbonded 
prestressed beam, which permits more accurate steel strain measurements 
than are possible for embedded bar reinforcement. The same principle was 
used in the present investigation by applying a major thrust P, by a testing 
machine (Fig. 4). By further applying a minor thrust P2 that could be varied 
independently of P;, the neutral axis could be maintained at a face of the test 
specimen throughout the test. Thereby complications resulting from tensile 
stresses in the concrete were eliminated. 
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Considering the stiffness characteristics of the testing machine used to 
apply the major thrust P?;, the relative positions of P; and Ps», as well as the 
stiffness of the tie rod by which P, was applied were so chosen that no un- 
controlled release of strain energy could take place. These considerations 
led to a specimen with dimensions as given in Fig. 4. The central unrein- 
forced test region has a cross section 5x8 in., and is 16 in. long. The sole 
purpose of the reinforced brackets at the ends of the specimen is to accommo- 
date the two thrusts. 


Method of testing 

Suitable tension, compression, and shear reinforcement was placed in the 
end brackets to obtain failure in the central unreinforced test region. All 
such reinforcement ended at least 4 in. from the test region. After curing, 
dimensions of the test region were measured carefully by vernier calipers, 
and actual areas rather than the nominal area of 40 sq in. were used in all 
calculations. 

Since numerical differentiation, which tends to amplify experimental 
scatter, was to be applied to the test data, all testing operations were carried 
out with unusual care. As shown in Fig. 5, the major thrust P; was applied 
by a testing machine. The specimens were carefully leveled in the machine, 
and the load was applied through a 3/16-in. steel roller. The minor thrust 
P, was introduced by a hydraulic jack through one or two tie rods, and the 
load was measured by a calibrated electric strain gage transducer. 

Strains were measured by two 6-in. electric strain gages at the neutral 
surface, two gages at the compression surface, and one gage at mid-depth 
of each of the two side faces (Fig. 4). All of these strains as well as the out- 
put of the tie rod transducer were recorded continuously throughout the 
test period by an electronic recorder. Transverse strain on the compression 
face was also recorded. Finally, the deflection at mid-height was measured 
by a dial gage so that the eccentricities of the thrusts were known at all load 
levels. 

The main thrust P; was applied at a steady rate from zero to failure during 
a testing period of about 15 min. By operating a hydraulic pump, the tie 
rod force was adjusted continuously so that the strain at the neutral face was 
maintained at zero within 5 millionths. 
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Fig. 5—Testing arrangements 


Three or four 6 x 12-in. cylinders were tested with each specimen. Two 


6-in. electric strain gages were mounted on one cylinder of each group, and 


strains were recorded as a function of load in a testing machine with known 
stiffness characteristics. 


Analysis 
Without assumptions of any kind we obtain by equilibrium of forces and 
moments (Fig. 4) 
C P, + P, 
be f Mia & f.! 
Pia, + Pray 
(P, + P2)e 


in which the eccentricities a, and ae include both the initial values and those 


: = 


due to deflection of the specimen. In this manner the important properties 
of the stress block kik; and ke/kik; may be measured directly from zero load 
to failure. 
The complete stress-strain curves in flexure may be obtained if two reason- 
able assumptions are made: 
1. Linear distribution of strain across the test section. This has been well verified 
by numerous earlier tests and was confirmed also by the tests reported herein. 
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2. All “fibers’’ follow one and the same stress-strain curve. In other words, con- 


crete stress is a function of strain only, f = F(e). 


We then obtain by equilibrium of forces and of moments (Fig. 3 and 4) 


™ be ™ 
C= if F(e,) dx = / F(e,) deg = P, + Po = f, be 14 
€ 
‘ be? . 
V=hb F(e, adr =- x Fe €, tle Pia 
) Ee" 0 


pals rit Ps Pia, + Poa 
in which f, = and m, = 
be be? 


By differentiating the third and the fifth term of Eq. (14) with respect to e 


l ig L df 
F(«,) de, + J. = l4a 
i 7. €, de 


Substituting Eq. (14) into (14a) 
. df 
|. =e . 
de 
Similarly we obtain by differentiating and rearranging 

f, =e + 2m 17 

de, 

Eq. (16) and (17) give concrete stress f. as a function of the continuously 
measured strain e, and the measured quantities f, and m,. Thus, by calculat- 
ing in small increments, the differentials may be closely approximated by finite 
differences Af,/Ae. and Am,/Ae.. 


It should be noted that when relations between stress f, and strain €,. as 
computed independently by Eq. (16) and Eq. (17) are compared, accuracy 
of the test data is checked since several experimental sources of error affect 
the two equations differently. For instance, errors in measurement of the 
eccentricities a; and a, strongly affect Eq. (17), while these numerical quan- 
tities are not involved in Eq. (16). 


VARIABLES AND MATERIALS 
Variables 


The variables included in this study were quality and age of the concrete. 
Five water-cement ratios were used, 1.0, 0.67, 0.50, 0.40, and 0.33 by weight. 
The ages at which tests were made were 7, 14, 28, and 90 days from the cast- 
ing date. Thereby the cylinder strength was varied from about 700 to 7600 
psi. 

The majority of the tests involved one specimen representing one of the 
20 combinations of w/c ratio and age. In the initial stages of the investiga- 


tion, specimens were cast in pairs to study the reproducibility of the test 
results. Three pairs with w/c ratios of 1.0, 0.67, and 0.40 were tested at ages 
of 14, 14, and 7 days, respectively. The test data for duplicate specimens 
were within 4 percent of one another in all respects, even after differentiation. 
Therefore, the investigation was continued with single specimens. 
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TABLE 1—CONCRETE MIXTURES 


Age Cylinder Percent Cement, Water, lb 
at strength, Shimp sand sacks per per w/¢ 
Concrete test, f.’, psi in by weight of cu yd cu yd by weig! 
days total aggre- 
gate 


40 


Materials 

The cement used in making the concretes was a blend of Type I cements. 
Fine aggregate was Elgin sand modified by a small amount of lake sand to 
improve the grading. Coarse aggregate was a gravel of 1!4-in. maximum 
size. The gravel was separated into three fractions and recombined. The 
aggregates are a partly siliceous and partly calcareous material of glacial 
origin from Elgin, III. 

The concretes were mixed in either a 2-cu ft tilting drum mixer or a 6-cu ft 
nontilting mixer. Mix proportions are given in Table 1. Specimens were 
cast in a horizontal position. The concretes were placed in plastic-coated 
forms and in the 6 x 12-in. cylinder molds by an internal spud vibrator. The 
surface was screeded about 15 min after casting, and was later lightly troweled. 
After about 18 hr, the specimens and cylinders were covered by moist burlap 
for initial curing. Forms were removed two days after casting, and the 
specimens and their companion cylinders were placed in a moist room for the 
remainder of the curing period. Five days before testing, drying was started 
by storage in the laboratory at a temperature of about 75 F and a relative 
humidity of 50 to 80 percent, and all specimens were tested dry. This period 
of drying was necessitated by instrumentation requirements. 


TEST RESULTS 


Test data recorded for each specimen gave strain in the prismatic test 
region and the tie rod force P, as a function of the major thrust P, (Fig. 4 
The eccentricities a; and az were so chosen that P, always increased until : 
maximum value was reached at failure. To maintain the neutral axis at 
face of the specimen, P, was initially increased with P,; until a maximum was 
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Fig. 6—k,k; and k. versus compressive strain 


reached, after which P, decreased again. The eccentricity a2 and stiffness 
of the tie rods were always so chosen that P. tended to decrease rapidly as 
deflection of the specimen shortened the tie rods. Thus, though P: decreased 
near failure, the piston of the hydraulic jack in the tie rod system was con- 
tinuously extended throughout every test. In this manner no uncontrolled 
release of strain energy took place. There are strong reasons to believe, 
therefore, that the observed phenomena are related only to properties of the 
concrete test specimen, not to the elastic properties of the loading equip- 
ment and the testing machine. 


Fig. 6 shows the values of kik; and ke, computed by Eq. (12) and (13), 
as a function of the strain ¢. at the compression face. These curves are given 
only for the 90-day specimens, but the nature of the curves obtained at other 
test ages was similar. The smooth and steady increase of the kik; curves 
in Fig. 6 indicates a rise of the average concrete stress to about 90 percent of 
the cylinder strength for a high water-cement ratio and to about 65 percent 
for low w/c ratios. These values represent the average for the entire depth 
from the neutral surface to the extreme fiber. At low loads ke is near the value 
1/3 corresponding to a triangular stress distribution. With increasing load, 
however, the position of the resultant internal compressive force changes, and 
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Fig. 7—Typical strain profiles 


for the high w/c ratios ky reaches the value 1/2, which value could also be 
obtained by a rectangular stress distribution. 

Strain distributions across the test section of four typical specimens are 
given in Fig. 7. A linear distribution of strains was: found even at high loads, 
as has been shown by numerous previous tests of reinforced concrete beams 
and columns. 


Ultimate strength design values 


Three stress block properties of fundamental importance in ultimate strength 
design—kik3, ke/kiks, and €,—are given in Fig. 8 as a function of cylinder 
strength and with test age as a parameter. All quantities correspond to the 
maximum values of kik; obtained in each test, since a slight decrease in /y/ 


and an increase in /, at times took place near failure while visible crushing was 
in progress. Values of kik; derived from other tests of reinforced concrete 
as well as values of €,, measured in such tests are also given in the figure, and 
various curves representing equations given by previous investigators ar 
shown. 

kyks values—The 20 points of this investigation shown in Fig. 8a reveal that 
kik; is a function of f.’ regardless of concrete age. These points form a rathe! 
narrow band in the lower scatter fringe of the points derived by Billet and 
Appleton® and Gaston** from reinforced concrete beam test data. A decreas: 
of kik; with increasing cylinder strength is evident, a variation which may 
be expressed by 

3900 + 0.35 f.’ 
~ 3200 + f.’ 


“sk (18 


Eq. (18) gives lower kik; values than those obtained by Billet and Appleton’ 
Eq. (6) and Gaston’s Eq. (7), which were derived indirectly from beam tests 
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Fig. 8—Ultimate strength properties of stress block 
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However, a close agreement exists between Eq. (18) and the kyks values o} 
tained on a theoretical basis by Jensen.?’? By assuming a trapezoidal stre 
block with a maximum stress equal to the cylinder strength (k; = 1.0 





Jensen obtained 





























1+, 
kik; = (19 
2 
in which the plasticity ratio 8 was derived from measured ultimate moments 
of reinforced concrete beams as 
l 


oa (20 
Ji : 

4 
4000 


A curve representing kit; values derived by Hognestad? from tests of 
eccentrically loaded reinforced columns is also shown in Fig. 8a. For low 


8 = 


concrete strengths, he found low values of kik; as compared to Eq. (18). It 
is believed that the principal reason for this difference is that the prisms of 
the present investigation were cast in a horizontal position whereas the col- 
ums of Hognestad’s investigation were 6 to 7 ft high and were cast in a vertical! 
position. Concretes with a slump of about 6 in. were used in the latter tests 
and water gain probably led to a reduction in strength in the upper part 
of the columns. All failures occurred in the upper half, and concentrations 
of curvature and strains were found near the tops of the columns. A simila: 
bleeding effect was observed by Kennedy’ in vertically cast cylinders 32 in 
high which were sawed into four 8-in. cylinders for testing. Compressiv: 





strength of the top cylinder was about 25 percent lower than that of the 
bottom cylinder. 






ko/kyks values—The ultimate moment of beams failing in tension is rela- 





tively insensitive to variations of ke/kik;. If this ratio is computed from 





individual measured ultimate moments by Eq. (3), therefore, experimental! 





scatter will be amplified strongly. In investigations of the ultimate strength 





of beams, ke/kik3; has usually been derived by studying test results of large 





groups of beam test data, assuming that k./k,k; is independent of concret: 
strength. For instance, Whitney?’ found. ke/kik3 = 0.5/0.85 = 0.59 (Fig 
8b). On the basis of column tests Hognestad? found k2/kik; = 0.55. Jensen” 
found an increase of k./k,ks; with cylinder strength as shown in Fig. 8b; how- 
ever, he considered it sufficiently accurate for practical purposes to take 







ke/kyks = 1/2. The value of 1/2 has been much used in foreign literature.' 





Data obtained in the present investigation (Fig. 8b) indicate k2/kyks is 2 





function of concrete strength regardless of age: 
ky 1600 + 0.46 f.’ — f.’*/80,000 7 
= (Z 


kiks 3900 + 0.35 f.’ 







For practical design purposes Whitney’s choice of constant value ke/kik 
0.59, which gives satisfactory agreement with beam tests, should suffice. 





Ultimate strains—The ultimate strains ¢, measured in this investigatio 





are compared in Fig. 8¢ to those of numerous earlier tests of reinforced co! 
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rete columns and beams. Again, our points form a rather narrow band in 
he lower scatter fringe of the reinforced concrete test data, and no systematic 
ariation of e, With concrete age is found. <A variation of «, with conerete 


strength is evident, which may be expressed by 


«, = 0.004 — f.’/6.5 K 10° (22 
For design purposes a constant value e, = 0.003 is believed to be sufficiently 


conservative since the computed ultimate strength of reinforced concrete 
members is usually relatively insensitive to the numerical value of e€,.4 

Balanced steel ratio in beams—lIn practice, relatively low reinforcement ratios 
are generally used in reinforced concrete beams. Failure is then initiated by 
yielding of the tension reinforcement, and ultimate strength design may be 
carried out by Eq. (3). 

The applicability of Eq. (3) ceases when sufficient reinforcement is present 
to cause a compression failure. To evaluate the balanced steel ratio, py, 


we have for rectangular beams 


€u 
} — ay 
€& + € 
and 
C = kykaf k, bd = 7 = A. f Ib 





or 


QP =p =khk 232) 
J u 


Stress-strain curves 


Ultimate strength properties of the stress block were computed by equilib- 
rium of forces and moments. By assuming that strain is distributed linearly 
and that concrete stress is a function of strain only, Eq. (16) and (17) can be 
used to derive complete stress-strain relationships for concrete in flexure. 
The stress-strain curves obtained are shown at the left in Fig. 9. The curves 
represent the average of values obtained by Eq. (16) and (17). Results ob- 
tained by the two equations usually differed by about 2 percent, the maximum 
difference being about 3.5 percent. 

Stress-strain curves obtained in concentric compression tests of 6 x 12-in 
control cylinders are shown at the right of Fig. 9. Except for low concrete 
strengths, the cylinders failed suddenly shortly after the maximum load was 
reached. Lines related to the stiffness of the testing machine used are shown 
in Fig. 9, and it is seen that the sudden failures always took place when the 
cylinder stress-strain curve reached a slope equal to that of the machine 
curve. Whitney’s’ suggestion, that sudden failure of cylinders is related 





to properties of the testing machine rather than to properties of the concrete, 
is therefore substantiated. 
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Fig. 9—Concrete stress-strain relations 
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Comparison of the flexural and the cylinder stress-strain curves in Fig. 9 
shows a striking similarity. The initial moduli of elasticity obtained from 
the two sets of curves are given in Fig. 10 as a function of cylinder strength. 
Though age at test affects the modulus-strength relationship, as would be 
expected, corresponding values from flexural and cylinder tests differ rela- 
tively little. The two moduli are compared directly in Fig. 11. The simi- 


larities shown in Fig. 9 to 11 indicate that the true general characteristics of 
stress-strain relationships for concrete in concentric compression are indeed 


applicable to flexure. 


individual values of k,, k., and k, 

The maximum stresses obtained in flexural tests divided by the corre- 
sponding average cylinder strength (Fig. 9) give individual values of ks; and 
k,; may then be obtained from the measured values of kiks. Values of ke 
were obtained by Eq. (13). In this manner ky, ko, and ky; were plotted in 
Fig. 12 as functions of cylinder strength f.’.. Straight lines define k; and ke 

ky = 0.94 — f.'/26,000 

» = 0.50 — f.’/80,000 
18) and (24) then give 
3900 + 0.35 f.’ 
~ 3000 + 0.82 f.’ — f.//26,000 
Values of ultimate strength factors as given by Eq. (18) and (21) 
are summarized in Table 2 for convenient reference. 
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Fig. 11—Flexural versus compressive 
moduli of elasticity 
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Phenomena of failure 

Important observations regarding the failure phenomenon in concentric 
compression tests of concrete were made by Brandtzaeg*® through studies of 
volume strains 

€&y = & — 2e (27 
where e, and ¢, are numerical values of measured strains in longitudinal and 
transverse directions, respectively. At low loads he found that the volume 
of test prisms decreased roughly in proportion to the applied load. At 77 
to 85 percent of the maximum load, however, volume started to increase at 
an increasing rate so that a volume expansion finally was present at failure 
The load at which the derivative of volume strain with respect to load is 
zero was referred to as the “critical load.”” It is a fundamental assumption 
in Brandtzaeg’s theory of failure for concrete*! that a progressive internal 
splitting is initiated at the critical load on minute sections scattered through- 
out the concrete mass. 

For a small element at the compression face of a flexural member, a gradient 
of longitudinal strains is present, and strains in the two transverse directions 
are possibly not equal. Nevertheless, Eq. (27) may be used as an approxi- 
mation, e, being the transverse strain in the plane of the compression face 


TABLE 2—ULTIMATE STRENGTH FACTORS 


for f, = 
k 2/kiks €u 
60 ksi oq. o ‘ Eq. (22) 


66 0.0038 
57 5 0.0037 
51 , { 0 0035 
46) j 0.0034 
43 ig } 0.0032 
39 5 5 0.0031 
j 0.0029 

0.0028 
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Fig. 12—Ultimate strength factors 


In this manner Brandtzaeg?® found critical loads at 70 to 90 percent of the 
ultimate load for reinforced concrete beams and eccentrically loaded columns 
failing in compression. Similarly, Hognestad? observed critical loads at 
80 to 95 percent of the ultimate for eccentrically loaded columns. 

Transverse strains were measured in the investigation reported herein by 
one l-in. electric gage mounted on the compression face of each flexural speci- 


aggregate was located adjacent 


to a] 


men. In some cases a large piece of coarse 


to the gage and near the concrete surface. The transverse strain data were 


then not significant at high loads. Two examples of successful measurements 
are shown in Fig. 13. Points corresponding to critical loads are indicated 
on some flexural stress-strain curves in Fig. 9. The magnitude of the critical 
stress varies from 71 to 96 percent of the maximum stress. 

For low concrete strengths, large deformations took place after the critical 
stress was reached and before failure took place (Fig. 9). For the 28-day 
specimen with w/c = 1.0, for instance, the strain corresponding to the critical 
stress was 21 percent of the ultimate strain. At the ultimate load, which 
was 58 percent over the critical load, therefore, 79 percent of the cross sec- 
tion was stressed beyond the critical stress. Even so, the first visible cracks, 
which were longitudinal tension cracks on the compression face of the speci- 
men, were not observed before a load 99 percent of ultimate was reached. 
All low concrete strength specimens failed by crushing to a depth of 1/2 to 


2/3 of the total depth of the cross section. 
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Fig. 13—Typical volume 
change curves 
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Behavior of the high-strength specimens differed somewhat. For the 28- 
day specimen with w/c = 0.33, the critical strain was 46 percent of th 
ultimate strain (Fig. 9), and the ultimate load was 66 percent over the critical 
load. The first cracks were seen at ultimate load, and crushing took place 
only to a depth of 1/5 to 1/4 of the total depth. 

Concentrically loaded cylinder specimens will usually crack considerably 
if strained beyond the maximum load. In the flexural téSts reported herein, 
a redistribution of stress may have occurred to less strained material closer to 
the neutral axis, so that strains greater than those corresponding to maximum 
stress were developed before cracks appeared. In tests of reinforced con- 
crete beams, this important phenomenon was observed by A. N. Talbot in 
1906, by O. Baumann in 1934, and by a number of investigators later. 
Structural concrete design 

The tests reported here show beyond reasonable doubt that the flexural! 
stress-strain relation of concrete possesses a descending curve beyond the 
maximum stress. Near the ultimate load, therefore, the concrete stress 
distribution deviates considerably from the triangular distribution used in 
the straight-line theory. This is in complete accord with earlier indirect 
findings in which the shape of the stress block was deduced from observed 
behavior and strength of reinforced structural members. Therefore, these 
tests verify the reality and validity of the fundamental principles involved 
in ultimate strength flexural theories such as those presented by Whitney, 
Jensen,”’ and others. 


The numerical constants obtained, which characterize the properties 


the stress block (Table 2), may be helpful in considering design values sui! 
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able for practical ultimate strength design. As far as the authors are aware, 
the present study represents the most complete investigation yet reported 
of measured properties of the stress block; but they are also fully aware 
that the tests cover only one type of aggregate, one maximum aggregate size, 
and one size of specimen without compression reinforcement. Nevertheless, 
it is believed that the tests have disclosed both general principles and quan- 
titative data of some significance in the field of ultimate strength design. 

To make definite design recommendations, however, strong consideration 
must be given also to tests of reinforced concrete beams and columns, to 
simplification of routine design methods, to construction practices, to over- 
load factors, and to many other matters beyond the scope of the present 
paper. Such recommendations are available in the report of Committee 327, 
Ultimate Load Design, a joint ACI-ASCE committee.** 


SUMMARY 


This investigation was conducted with the primary objective of develop- 
ing a test method leading to an improved quantitative understanding of 
concrete stress distribution in flexure. In other words, it was our goal to 
strengthen knowledge regarding the fundamental principles involved in 
ultimate strength flexural theories. 

A study of previous experimental investigations regarding the stress block 
revealed that, though many test methods have been tried, very limited direct 
test data are available. On the other hand, considerable information re- 
garding the stress block has been derived indirectly from strength and be- 
havior observed in numerous previous tests of reinforced structural members. 

A test method was developed in which a 5x 8-in. unreinforced concrete 
section was loaded with an eccentricity that was varied during each test in 
such a manner that the neutral axis remained at a face of the section through- 
out the test to failure. The average compressive stress in the concrete then 
always equaled the total axial load divided by the section area, and the cen- 


troid of the stress block coincided with the eccentricity of the total applied 


load. Furthermore, by numerical differentiation the flexural stress-strain 
relationship of the concrete was determined from zero load to failure. 

Such tests were made for concretes with w/c ratios of 1.0, 0.67, 0.50, 0.40, 
and 0.33 at test ages of 7, 14, 28, and 90 days. A striking similarity was found 
between flexural stress-strain relations and those obtained in concentric 
compression tests of 6 x 12-in. cylinders. In both cases a descending curve 
was observed beyond the maximum stress. The numerical values obtained, 
which characterize the properties of the stress block, are in general agreement 
with values derived earlier from tests of reinforced structural members. 

The tests reported herein, therefore, strengthen our knowledge regarding 
the stress block in flexure, and the test data obtained demonstrate the reality 
and validity of the fundamental plasticity concepts involved in ultimate 
strength flexural theories for structural concrete such as those presented by 
C. S$. Whitney, V. P. Jensen, and others. 
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Title No. 52-29 


Design of Cylindrical Shells with Edge Beam®™ 


By L. FISCHERt 
SYNOPSIS 


This paper uses the tables and methods of solution described in ASCE 
Vanual of Engineering Practice No. 31 to investigate the effects of an edge 
beam on the stresses in a single simply supported, cylindrical shell. It con- 
cerns a solution heretofore not adequately presented in engineering literature, 
since it considers the vertical, horizontal, and torsional stiffness of the edge 
beam. 

Four kinds of line loads are introduced and their value obtained by equating 
four kinds of displacements in the shell and the edge beam. The displace- 
ments of the shell are calculated by means of the tables presented in the 
manual. Expressions for displacements of the edge beam are developed. A 
numerical example is given and its results are compared with those obtained 
in the manual. 


INTRODUCTION 


Design of cylindrical shells has been dealt with in ASCE Manual of Engineer- 
ing Practice No. 31, ‘Design of Cylindrical Concrete Shell Roofs.’ The present 
case of a single simply supported shell with edge beams has also been solved 
in this manual. The problem of the boundary stresses between the shell 
and the edge beams, which is discussed in this paper, was solved in the manual 
by introducing two line loads and equating the vertical displacement and 
the longitudinal direct stress. The author presents a solution which con- 
siders also the horizontal and torsional stiffness of the edge beam. Here 
four line loads are introduced and their values will be obtained by considering 
two additional displacements, the horizontal Ay and rotation 6. The whole 
solution is presented in such a way that use can be made of the tables in the 
manual for forces and displacements. 

The shell is cut from the edge beam at the section ¢@ = 0 and each part is 
considered separately (Fig. 1). The following four line loads are applied to 
the shell along the cut section: V,—vertical load, H,—horizontal load, 
S,;—longitudinal shearing force, and M,—bending moment. These line 
loads are represented by the first terms of the Fourier series for reasons 
thoroughly explained in the manual. The same loads with opposite signs 
are applied to the edge beam at the cut section (Fig. 2). 

The four unknown values of the applied line loads will be obtained by 
equating the displacements of the shell along the cut section @¢ = 0 and 
*Received by the Institute Nov. 8, 1954. Title No. 52-29 is a part of copyrighted JouRNAL or THE AMERICAN 
ONCRETE INSTITUTE, V. 27, No. 4, Dec. 1955, Proceedings V. 52. Separate prints are available at 35 cents each 
iscussion (copies in triplicate) should reach the Institute not later than Apr. 1, 1956. Address 18263 W. MeNichols 


Rd., Detroit 19, Mich. 
tStructural Engineer, Tel-Aviv, Israel. 
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Fig. 1—Application of line 
loads to shell along cut 
section 


the edge beam. The four different displacements which will be considered 
are: u in the direction of the x axis, Ay in the direction of the y axis, 
An in the direction of the z axis, and © the rotation. All these displace- 
ments of the shell are given in the tables of the manual. Expressions for the 
same displacements of the edge beam will be developed in the following. 


DISPLACEMENT u 


To be able to use the tables of the manual the expressions for the first 
differential of u, which is proportional to the stress f,, will be used. 
du Ye N,z 6M, 


dx E  Ebh  Ebh? 


(a 


where N, and M, are the normal force and bending moments acting on the 
edge beam, respectively. 

By further differentiation 

du l aN. 6 dM, 


dz? Ebh dz  Ebh? dz 


dx l @Nn, 6 aM, 
dz? Ebh dx?  Ebh? dx? 
where d? M,/dx? = — p and p represents the vertical load on the beam. 
Including the effect of the beam’s weight gq, the vertical load (Fig. 2a) is 
aM, (: ’ ) : : 
p=- —_ a q—Vi)snaz; Nz =0 
dx? 7 
and from Eq. (c) 
4 , 
d*u ’ ( T ms vs) , 
( dx? ), => Ebh? sinaz 
Integrating twice 


. 
Se Raa. Seis 
dz Jy a? Ebh? 


From the shearing force (Fig. 2c) 


Pe POR ORR ES A + Hl 








CYLINDRICAL SHELLS WITH EDGE 


($4-Ve) sina 


HL sine x 
quess 
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Fig. 2—Application of loads to edge beam at cut section 


dN, é dM, =)... 
. = — §, cosa7z; = S; cosa xr 
dx dx 2 


Eq. (b) becomes 


du S; 6 Sih 2 
= — — cosar—- Ceoat™ 
de? ), ~ ~ Eh Koh’ 


Integrating once 
du 4 S: 2 
= —— sina x {e) 
a Ebh 
Since the line loads H; and M, have no influence on u from Eq. (d) and (e) 
4 ‘ 
6 - V, 
du du du 1S, . 
= - Sinawr 
dz gS a? Ebh2 a Ehb 
du 12 


de 


—~3V,_+2Sz,a s) sinaz 





DISPLACEMENT 4, 


From the vertical displacement of the edge beam we have 
day M, 12 M, 


dz? = =EJ,  Ebh’ 
By further differentiation 
d®Ay 12 dM, 
dz’ Ebh? dx 
d*Aay 12 dM, 12 


— — — = + p. 
dz‘ Ebh* dx? Ebh® 
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Due to the vertical load (Fig. 2a) 


} 
p= ( q- vs) sina x 
Tr 


Eq. (f) gives 


4 
12 q-—V 
dtay\ ( a ‘) sin ax 
dxt Jy Ebh* 

and by integration 


4 
2 q — J :) 
we sina x. 


(Ay)y = 
‘ids a’ Ebh 
From Fig. 2c 
dM, a 
a = Sr, cosaxr 
dz 2 


Kq. (g) gives 


dAy 12 , h 6 Sz . 
ae = —— OE cosar = — —— cosaz 
dz? Js Ebh? 2 Ebh? - 


and by integration 
6 Sz 
a® Ebh? 


(Ay)s = sina x 


The loads H;, and M, have no influence on Ay and therefore from Eq 


(i) and (j) 
12 V 
‘ us q x 6 S; 


(Av)vy + (Av)s = sinazr+ : 
a’ Ebh* a® Ebh? 


6 (8 ean 
= 1 Eb q-—2Vi+Szrah)sinac. 
a LOn T 


DISPLACEMENT 0 


sinaz 


This displacement is given by the torsional rotation of the edge bean 
For a beam with fixed ends 

ao 

-= CM, 

dx? 

where the torsional rigidity is 
3 3 
(’ = = 
Gb* (h — 0.636) Gb*h’ 

and the torque (Fig. 2d) 


} 
Mr = (a, - H.~ ) sin @ x 


Denoting (h — 0.63b) = h’ and taking the Poisson ratio yu 
and integrating: 


M h : 
6 = M, — Ax sinasr 
a? 2 


gh SS RE CER tI eR eeMBae on perme aetnr 


Sac ale 
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CYLINDRICAL SHELLS WITH EDGE BEAM 


h 
(mn. — H, ) 


a Eb*h’ 


for narrow beams, h’ ~ h. 


0= 


DISPLACEMENT 4,, 


Similar to the case of the vertical displacement 
d‘An pu _ 12 pu 


dxt Edy  Ebsh 
\ partial contribution of the load H, to AH is obtained from Eq. (1) 


d‘an 12 H z= 
= . snasr 
dx* Ju Eb*h 


and 

IW: . 

~~ thon aes. (m 
a’ Eb*h 


The horizontal displaéement due to the torsional rotation of the beam is 


ee 3. 
— ° 2 


(Aggie = -9—- = - sina zx 


h’ a? Eb 
The total horizontal displacement 
h 


(An)a = 


An = (An)ax + (Ando =  - 6M, + 3H, (: Lo 
c 


2E a? bth’ 


x? 


SOLUTION FOR LINE LOADS 


The values of the four line loads can be obtained as stated before, by equat- 
ing the displacements along the cut section @ = 0 as follows: 


du du 

_—-{— = 0 
dx dx B 
Av — (Av)sp = 0 
An — (An)p 


80 — Og = 0 


where the displacements of the edge beam are designated by the subscript B. 


NUMERICAL EXAMPLE 


In the following, example No. 3 of the ASCE manual (p. 60) will be solved 
to be able to compare the solution presented in this paper. Dimensions of 
the shell are given in Fig. 3. The dead load of the shell is p = 50 psf; a snow 
load of p, = 25 psf is assumed, and the weight of the edge beam of gq = 500 
lb per ft. Utilizing the tables of the manual it is found that the membrane 
forces acting at the longitudinal edges of the shell are T,, = — 2634 lb per ft 
and S, = — 3716 lb per ft. With no edge beam the following correction line 
loads have to be applied to the edge of the shell to comply with the boundary 
conditions: 
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Fig. 3—Dimensions of shell 
analyzed in numerical 
example 


Pu Dm 


Vi = —Tosingk = 2634 X05 = 1317 

H, = — Tgcos ok 2634 0.866 = 2281 

S, = —& = 3716 

Now the four line loads V;, Hz, S,, and M, are applied to the edge of 
the shell and also along the edge beam with reversed signs. Using again the 
tables of the manual, the displacements of the edge @ = O of the shell are 
found to be: 

du im 

dx Et 

' 


Ay VE (35.24 V, — 9.474 H, — 1.187 S, — 2.599 M, + 29,479) sinaz 
ree ne 


l 
= FE (413.587 V, — 21.980 H, + 36.667 S, — 5.447 M, + 613,062) sin a x 


12r? : 
6 = EE (0.0891 V, — 0.03866 Hz + 0.000536 S, — 0.013499 M, + 31.141) sinasx 


4 
Au = — 5 (9.474 Vs, — 4.010 Hy + 0.06357 S, — 1.128 M, + 3549.5) sin a2 
m 4 


The displacements of the edge beam, using Eq. (1) — (4) are: 


du l 
_ = —(— 449.416 V, + 42.399 S, + 286,107) sina x 
dx B E 


js 
— (Ay)s = LE (18-245 V, — 1.291 S, — 11,615) sina z 
rel fh 


12 r? 
— Op = Ei (— 0.01404 M, + 0.03512 H,) sin ax 


, Is 
— (An)p = _ (1.0276 M, — 1028.85 H,) sin ax 
rst E 


The values for Eq. (5) are: 


du du 
— {| — = 35.829 V, — 21.980 H, + 79.066 S, — 5.447 M, + 899,169 = 0 
dx dx B 


Av — (Ay)p = 53.485 V, — 9.474 H, — 0.104 S, — 2.599 M, + 17,864 = 0 


8 — Og = 0.0891 V, + 0.00354 A, + 0.000536 S, — 0.02754 M, + 31.141 = 0 


An — (An)s = 9.474 Vi, — 1032.86 H, + 0.06357 S, — 0.1004 M, + 3549 = 0 


erent ae ee een rn a 
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Fig. 4—Moment diagrams x 

across shell by the two 

methods of computation ay 
Vv 
* 


Solution of the simultaneous equations gives the following results: 

V, = — 370 lb per ft 

S, = 11,225 lb per ft 

H, = — 0.62 lb per ft 

VM, = — 285 lb-ft per ft 
Using these values for the line loads, all the internal forces in the shell can 
be found as explained in the manual using its tables. 


CONCLUSIONS 


Results for the line loads using the method presented in the manual and 
the solution presented in this paper are compared in Table 1. 

For the given example (long shell) there are no serious differences for 
the loads V;, S;, and H,. There is, however, a great difference in the value 


TABLE 1—COMPARISON OF RESULTS 


ASCE Proposed 
Loads manual solution 


Vi 356 
Si — 11,5389 
Hy 0 
M, 0 
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of M,. The moment diagram across the shell at x = L/2 using the ney 
values for the line loads is shown in Fig. 4. For comparison, the momen 
diagram as computed in example No. 3 of the manual is given by a dotte 
line. Fig. 4 shows that the solution given here can be of importance whe: 
the amount of reinforcing steel is being computed. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 





CONCRETE BRIEFS 


Notes from Field and Office 


More About Waterstops 
Atomic Blast Design 
Capping Concrete Cylinders 
Problems and Practices 


More About Waterstops 
By FRANK M. FUCIK* 


[ read with interest the September JouRNAL 
article on waterstops by E. A. Allen and E. C. 
mentioned in the article, 
other types of seals besides the rubber dumb- 


Higginson.t As 


vell type are used and find a wide applica- 
tion in present day concrete construction be- 
cause of the increasing use of concrete in 
watertight structures such as sewage treat- 
ment plants, swimming pools, water reser- 
voirs, and the like. 

To install the rubber dumbbell-type water- 
stop the form must be split so as to protrude 
one half of the waterstop so that it can be em- 
bedded in the second placement. This can 
be an expensive operation, especially on 
vertical joints where the form must be heavily 
braced to resist the pressure of the wet 
concrete, and in circular tunnel linings. 

Copper strips are often used as waterstops 
but have the disadvantage of being easily 
knocked out of line by the concrete, making a 
good installation difficult and uncertain. 

The late L. F. Harza, founder of Harza 
Engineering Co. of Chicago, well known for 
the design building of 
many 


and 
after 


hydroelectric 
projects, years of experiment 
developed a waterstop which simplifies to a 
great degree the aforementioned problems. 
This waterstop is known as the “Labyrinth.”’ 

The waterstop fits entirely inside the form, 
being held in place by nails (Fig. 1). Con- 
crete is then placed around the waterstop and 


form is removed the series of 
back 


are ready to receive the concrete from the 


when the 


grooves on the side of the waterstop 


second placement (Fig. 2). Thus, the water- 
stop is locked into place between placements 
A section of the joint would look like Fig. 3. 
When the inevitable separation takes place 
at the joint due to shrinkage of the concrete 
and temperature changes, the waterstop 
easily stretches but remains locked in place. 
Fig. 4 shows the unit in a joint which has been 
separated 114-in. This is far more movement 
than usually occurs at most construction and 
contraction joints where the movement is 
usually not more than %-in. 

The 


polyvinyl chloride resin, and has good weath- 


waterstop is made from a_ plastic, 


ering and aging characteristics. It is also 
resistant to acids, alkalies, and most of the 
chemicals found around concrete structures. 
In making angled joints in the field, this 
plastic has the advantage of being easily 
welded together, which is done by heat sealing 
The pieces of plastic to be joined are heated 
by pressing them against a piece of heated 
The 
edges are then pressed firmly together and 


metal until the plastic becomes soft. 


the plastic fuses to form a joint which is as 
strong as the original material. 

The waterstop depends for its watertight- 
ness on a series of short stubby ribs which 
can not be knocked out of line or bent by the 
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Fig. 1—Nailing waterstop strip to form Fig. 2—Backside of waterstop after 
panel form removal 


Fig. 3—Joint with waterstop Fig. 4—Joint separated 11/2 in. 
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of the fluid concrete battering against 
The concrete vibrator can be placed up 
\inst the waterstop without damaging or 
This that 


weent to the waterstop can be thoroughly 


storting it. means concrete 


brated. This is important in getting a 


491 


watertight joint, no matter 


waterstop is used. 


what type of 

The article on waterstops is most timely. 
There has been little published information 
about this increasing important detail in the 
achievement of watertight concrete construc- 
tion. 


Design of Blast Resistant Construction for Atomic Explosions 


By GILBERT HUYGHE* 


In the ACI paper, “Design of Blast Re- 
sistant Construction for Atomic Explosions,”’ t 
the authors make a reflection about the use of 
prestressed members for blast resistant con- 
structions. They say that because a pre- 
stressed member has a shorter plastic range 
the absorption of energy will be less than for 
members designed for the same load using 
conventional steel. 

Ghent, made 
dynamic tests on prestressed and reinforced 


In our laboratory at we 
concrete beams designed for the same loads 
and with spans of 14 to 20 ft. The dynamic 
tests consisted of a weight (500 or 1000 Ib) 
falling from a height of 1 to 20 ft. 

We found that the ultimate height was the 
same for the prestressed beams and the re- 


inforced concrete beams, but when we con 
sider the moment at which the two beams be- 
then find that the 


height was much greater for the prestressed 


come unserviceable, we 


than for the reinforced concrete beam 
A typical result follows: 


Reinforced 


concrete beam 


Prestressed 
concrete beam 


Span 


Rectangular cross 
section 


6.00 m (20 ft 6.00 m (20 ft 
25 x 70 em 25 x 45 em 

10 x 27.5 in 10 x 17% in 
Service load 6 metric ton 6 metric ton 


Ultimate static load 20.5 metric ton 21 metric ton 
Impact test with 1000 Ib (fall height 
First crack 
The beam is un 
serviceable 
Ultimate 


0.75 m 2% ft 1.75 m 
2.50 m 
5.50 m 


8 ft 
18 ft 


5.25 m 
5.50 m 


Fiy Ash-Sulfur Mixture for Capping Concrete Test Cylinders 


By p J 


The writer was with the ACI 
JOURNAL paper by Hubert F. McDonell§ on 
fly ash-sulfur mixtures for capping concrete 
test cylinders as used by the Florida State 


toad Department. 


pleased 


The use of sulfur mix- 
tures for capping concrete test cylinders was 
developed by me in the Allegheny County 
Pa., and I 
always delighted when anyone has a good 
word to say about the method. 


Laboratories, Pittsburgh, am 


After using sulfur mixtures for a couple of 
years in the laboratory, the method was de- 
scribed by me in Engineering News-Record, 


Nov. 22, 1928. Later there were discussions 


*Chief Assistant, Laboratorium voor Gewapend Beton 
tW hitney, C. S., Anderson, B. G., and Cohen 
sions," ACI Journat, Mar. 1955, Proc. V. 51 


155, Proc. V. 


51, pp. 573-576 


E., “Design of Blast Resistant Construction for 
pp. 589-684 
{Member American Concrete Institute, Tallahassee, Fla 
_$McDonell, Hubert F., “Fly-Ash-Sulfur Mixture for Capping Concrete Test Cylinders ACI 


FREEMAN YT 


in various publications, but the use of port- 
land cement either with or without gypsum 
was so effectively promoted that sulfur mix- 
used as I 
The high strength of sulfur mix- 


tures have never been as widely 


had hoped. 
tures are particularly useful for capping high 
strength concrete such as cores from pave- 
ments. 

A commercial mixture was first used which 
was available for vats in 


lining chemical 


plants. An attempt was made to obtain a 
fine material other than fire clay to mix with 
but The 


of tons of fly ash as a waste product were not 


sulfur, without millions 


success 


University of Ghent, Ghent, Belgium 


Atomic Explo 


JOURNAI Feb 
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trial and it found 
simpler to purchase one of the sulfur mix- 
tures on the market for other purposes. 


then available for was 


We had a rather serious accident one day 
when the operator shut off the heat and 
allowed the surface of the mixture to congeal 


while he ate lunch. When he heated the 


CONCRETE INSTITUTE 


December 
liquid, below, 
caused 
verely. 


the built up 
an explosion which burned him 
All danger may be eliminated 
leaving a metal rod in contact 
bottom and it will transmit sufficient heat 
to melt a ring at the surface which wil] 

lieve any dangerous pressure from below 


pressure 


with 





Prollems and Practices 





A series relating to “down-to-earth, every- 
day”’ concrete problems which attempts to give 
brief answers to the more common (and some- 
times uncommon, too) questions asked aboul 
concrete design and construction practices. 

To some, the answers will seem simple and 
obvious; others may prove to be extremely 
controversial. 

All ACI members are invited to participate 

-either by submitting an inquiry, or even 
better, by telling JouRNAL readers how an in- 
triguing problem was solved. It may well be 
that readers will be able to suggest more prac- 
tical solutions to inquiries than those presented. 


Q. Why does the design procedure in the 
ACI Building Code for concrete-filled pipe 
columns give capacities substantially lower 
than that under the AISC code for unfilled 
pipe? Also, why do the two codes use different 
formulas for the portion of the load carried on 
the pipe proper? 

A. The following comparative designs 
show that capacities under ACI 318-51 are 
approximately 3 to 6 percent lower for the 
range of practical use. For extremely slender 
columns where practical difficulty in filling 
almost precludes the use of concrete-filled 
pipe, ACI 318-51 gives capacities up to 55 
percent higher. 


ACI 
(filled) 


AISC 
(un- 
filled) 
20 ft 

37 ft 6 in.* 
20 ft 


6-in. standard pipe| L = 
6 in. standard pipe| L = 
12-in. standard pipe| L = 


62 kips| 64 kips 

34 kips| 19 kips 
214 kips|227 kips 
*Limiting height under AISC code. 

The following criticisms seem justified: (1) 
ACI Code provides no limit on slenderness 


and no reduction for slenderness on the por- 
tion of the load assumed to be carried by con- 
crete; (2) AISC code provides no allowance: 
for additional capacity if filled with concrete 

Up to the time of adoption by ACI Com- 
mittee 318 of the formula in question, the 
AISC code specified a similar reduction in 
capacity for slenderness of steel columns 
ACI Committee 318 has been slow to adopt 
the new formula developed by AISC. 

It should be noted that pipe columns in a 
reinforced concrete frame will usually have 
more rigid connections than in a structural! 
steel frame. Short, stiff pipe columns there- 
fore are likely to receive more moment in 
the reinforced concrete frame. Conversely, 
long slender pipe columns, which receive 
little moment in any frame, will be better 
enabled to resist buckling when filled with 
concrete and rigidly connected. The AIS( 
formula for long columns is the Euler equa- 
tion with safety factor and coefficients for 
pin ends. For completely fixed ends thi 
Euler coefficient is 4; ACI 318-51 allows up 
to approximately 2 for the effect of the greater 
fixity and the concrete core combined. 

* * * * 
Q. 


employ %%- or \%4-in. diameter tubes embedded 


A proposed snow melting system would 


with 1% in. clear concrete cover for maximu 
thermal efficiency. 
turally satisfactory? 
A. ACI 318-51 recommendations for th: 
use of radiant heat systems in concrete slabs 
are principally negative. This subject | 
now under consideration by Committee 315 
and the only positive recommendation 
present is that such installations are not t 
Where they a 


to be installed in concrete fill or nonstructur 


Is this arrangement st) 


be used in structural slabs. 
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the minimum protection and spacing 
| not be less than that required for em- 
d metal at normal temperatures. For 
te exposed to snow the minimum cover 
for bars more than 5% in. in diameter 

| 14 in. for smaller bars. 


fore cover would be advisable, say 2 to 3 

for an outdoor snow melting system. If 
necessary for thermal efficiency, the thermal 
performance may be improved by insulation 
to prevent heat losses through the bottom 
face of the slab. For pavement on ground 
this insulation may be merely a layer of 
Further 
limits are that the diameter of the pipe should 
3 the slab thickness and the 


coarse gravel, crushed stone, or slag. 


not exceed 1 
spacing should not be less than 3 diameters on 
11/3 
maximum size of the coarse aggregate. 


times the 
Un- 


coated conduit of iron or steel can be assumed 


centers nor (clear space) 


to replace displaced concrete in compression. 


Temperature and shrinkage reinforcement 
should be provided at right angles to the con- 
duit between the conduit and the exposed 
sufficient additional 


surface in amounts to 


replace the displaced concrete in tension. 
A + * * 


Q. Particularly at this time of year do test 
cores alt 28 days of a lower strength than the 7- 
day cylinders indicate a 


strength? 


“‘retrogression”’> in 


{ No. 
dicate quality of concrete used. 


Laboratory cured cylinders in- 
Test 
and field cured cylinders merely indicate the 


cores 
effectiveness of field curing. The cores and 
field 


indication of 


evaluated as an 
how efficiently the potential 


cylinders should be 
quality shown in the laboratory cured cylin- 
In cold weather it 
is quite possible that 28 days field curing is 


ders has been developed. 


not equivalent to 7 days laboratory curing. 
* . +. * 


Q. Many 


mired 


suppliers who furnish ready- 


concrete on a “‘quaranteed minimum 
reduce the 


ising high-early-strength cement based on the 


strength basis”’ cement factor when 
28-day curves for water-cement ratio versus 
strength. Does this 


equivalent quality concrete? 


practice supply really 


1. This 


rsial. 


question is obviously contro- 


Since most specified strength re- 
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quirements are arbitrarily based on a 28-day 
laboratory curing period, it would seem that 
a higher water-cement ratio and lower cement 
factor employing high-early-strength cement 
will Other 
qualities of concrete not ordinarily specified, 


pass the usual specification. 
such as watertightness, 


durability, are 


abrasion resistance, 


and related to the water- 
cement ratio more than to the compressive 
strength. These qualities, which were ex- 
pected under the original specification, may 
not be equivalent. If further curing in ex- 
cess of the 28-day period will occur in the con- 
crete during use, it is possible that the ex- 
pected eventual strength will not be secured 
If field conditions are such that less than 28- 
day curing will result, it is possible that all 
qualities of the concrete will be superior to 
the original mix. Present day specifications 
place entirely too much emphasis on strength 
as the criterion for acceptability ol concrete 
that 


influence 


However, so long as situation exists, 


competition will concrete pro- 
ducers to do everything possible to secure 


high strength with a minimum of cement 


Cements from different mills, regardless of 
differ 
ducing properties. 


type, tremendously in strength-pro- 


In other words, a high- 


early-strength cement from one mill may 


produce a considerably lower 28-day strength 
different mill 
Therefore, without regard to possible detri- 


than Type I cement from a 
mente! effects on properties of the concrete 
other than strength, no reduction in cement 
should be 
high-early-strength 


content made merely because a 


cement is being sub- 


stituted for ordinary Type I cement. Even 
when the only concern is strength, the con- 
crete proportions should be established on the 
basis of tests of trial batches made with the 
materials which it is contemplated to use 


The practice of indiscriminately employing 


cement substitutions or replacement by 


admixtures can definitely lead to 


difficulties 


various 


* * * 


Q. What bubbles 


fresh concrete during troweling of a slab? 


CAUSES and blisters in 


A. (1) 
slab plus various proprietary 


this 
over 


Air-entrained concrete in the base 


“dust-on”’ prep- 


arations often give trouble. Regular 


cement dusted on air-entrained base 


concrete and steel troweled will also entrap a 
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pocket of air between the dust-on material 
and the air-entrained concrete base. This 
air pocket will travel ahead of the trowel, 
preventing the surface from bonding. Gen- 
erally, if the surface is wood floated, the air 
pocket will be broken and normal finishing 
operations can proceed. Normal cement with 
certain admixtures in the base slab concrete 
plus air-entraining cement in the dust-on 
material often gives this trouble also. 

(2) 
instances, be similar to that 
following job. 


The cause of bubbles might, in some 
found in the 
A topping was being applied 
over new hardened concrete in a two-course 
floor. It is customary to apply a neat cement 
paste over the existing concrete just prior to 
placing the topping. On this particular job, 
the contractor was spraying the existing con- 
crete with water and then dusting on raw 
cement. The small depressions or voids be- 
tween the coarse aggregate in the concrete 
would fill up with then when the 
topping was applied, the trapping of this 
water in the voids and the weight of the 
topping plus this 
water to rise to the surface, thereby causing 
little bubbles to appear immediately after 
troweling. 


water; 


steel troweling caused 


+ + + + 

Q. What causes blisters to rise, lifting the 
skin of hardened concrete floor slabs 1 to 2 days 
(The condition 
occurred in cold weather concreting inside a 
building with temporary heat provided.) 


old, on wetting the surface? 


A. (1) It is possible that the reactions in- 
volved in condition (1) of the answer to the 
preceding question may be delayed due to low 
temperature or insufficient moisture or in- 
terrupted due to insufficient time and mois- 
ture and continued at any later wetting. 

(2) It is quite possible that the surface 
was nipped by frost, as this will break the 
bond at the depth of freezing. 


* * * . 
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@. A recent specification required 
brane curing consisting of ‘a combinati: 
various petroleum oils.’ Is there a perf 
ance standard for such compounds and will 


oils alone satisfy its requirements? 


A. Performance standards are included 


in specifications for membrane curing com- 


pounds in use by many nation-wide agencies 
including the Research Board, 
Corps of Engineers, Bureau of Reclamation, 
and (most widely used) that ASTM 
(Designation C 309-53T.) Most these 
specifications refer ASTM 
C 156 the test method, and impose 
various performance limits on moisture re- 
tention, drying time, flash point, and infra- 
red reflectance. 


Highway 


of 
of 

to Designation 

for 


No specification in national 
use for membrane curing compounds forbids 
nor requires a compound 
It is extremely un- 


likely, if not impossible, for a mixture con- 


consisting of 
petroleum oils only. 
sisting solely of petroleum ozls to comply 
with any of the generally accepted specifica- 
tions for concrete curing compounds. A 
mixture consisting solely of petroleum de- 
rivatives, including asphalts, could comply 
with the requirements for bituminous curing 
compounds. The question needs clarification 
on the meaning of the term “‘petroleum oils 


to be answered without qualification 

Some confusion may also exist between 
membrane curing compounds and_ surface 
treatment compounds. Membrane curing, o! 
course, is intended for application on fresh 
concrete as soon as possible after finishing 
Surface treatment of concrete pavements t 
increase resistance to freezing-and-thawing 
deterioration is applied at any time alter 
curing and thorough drying. 


ment compounds consisting of petroleum oils 


Surface treat- 


linseed oil, and, lately, silicone water re- 
pellents have been employed with varying 
economy and effectiveness. 


* . * 











CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Dynamic load tests on concrete viaduct 
at Alvik (in Swedish) 
L. Osrtunp, Betong (Stockholm), V. 39, No. 4, 1954 
243-251 
Reviewed by MarGaret CorBIN 
Dvnamic load tests were made on a con- 
Alvik, near Stockholm, to 
deformations 


crete viaduct at 


measure stresses and under 
loads consisting of one or several moving 
cars of the Stockholm Underground Railway. 
Tests showed that vertical components of the 
load did not produce any important dynamic 
effects. About half of the 


braking of the cars was found to be trans- 


forces due to 
ferred to columns, whereas the rest was ab- 
sorbed by the rails, which are continuous 
at the The centrifugal 
caused stresses and deflections which 
smaller than the corresponding values ob- 


abutments. force 


were 
theoretical calculations. Os- 


tained from 


cillations were probably due to irregular 


alignment of the rails at the joints. 


An arch bridge of Melan type (in Swed- 
ish) 
A. Cronuoim, Betong (Stockholm), V. 39, No. 3, 1954 
pp. 167-173 
Reviewed by MarGaret Corbin 

In 1953 a concrete bridge of medium size 
(clear span 215 ft) was built across the river 
(ngermaniilven at Laseleforsen. 
is of Melan type, 7.e., 


The bridge 
the arches contain a 
steel centering as principal reinforcement 
The centering arches were assembled in two 
half parts, lying reversed on the abutments, 
ind were swung across the river by means of 
temporary hinges at the supports 


A part of copyrighted JourNaL or THE AMERICAN Concrete INstiTUTE, V. 27, No. 4, Dec 


Design of cantilever slab bridges with 
stiffened curbs 


ANDREW GaLuia, Concrete and Constructional Engi 
neering (London), V. 48, No. 10, Oct. 1953, pp. 315 
”») 


Gives a method for designing portal frame 
Method 


features (a) reduction of moments at midspan 


slab bridges with stiffened curbs 
due to cantilever ends; (b) reduction of mo- 


ments in central span and cantilevers by 


and (c 
attached 
wing walls, and simple bearing, and a saving 


using curbs as structural members; 


economy by using narrow piers, 


in excavation. An example is given which 


discusses longitudinal moments only with a 
recommendation for a transverse bar arrange- 


ment 


Prestressed units for short-span high- 
way bridges 
ArtTuur Davin Ho.uanp, Proceedings, Institution of 
Civil Engineers (London), Part II, V. 4, No. 2, June 
1955, pp. 224-297 (including discussion 
Reviewed by Aron L. Mirsky 
Paper represents a sort of primer for the 


engineer who has not previously designed 


prestressed bridges and wishes to become 
familiar (British ) 
includes discussion of such topics as choice of 
minimum depth, 
havior and its influence on depth limitations, 


with current practice. It 


design for dynamic be- 
and transverse strength, to name but three 
As might be expected, there was consid- 
erable discussion (pp. 249-297) touching es- 
pecially on types of prestressed bridges cur- 
rently being built by the various designing 
organizations in England, transverse strength, 
and composite type construction (precast 
prestressed units tied together by and topped 


with cast-in-place concrete). 


1955, Proceedings 


V. 52. Address 18263 W. McNichols Rd., Detroit 19, Mich. Where the English title only is given in a review, 
the book or article reviewed is in English. If it is followed by a foreign title the work reviewed is in that language. 
In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 


original article is indicated in 
available through ACI. 


arenthesis following the English title. Copies of articles or books reviewed are not 
Available addresses of = are listed in the June “ 
In most cases ACI can furnish addresses of publications added later 
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Construction 


Hollow block tilt-up construction 
Ricuarp T. Brow III, The Military Engineer, V. 48, 
No. 316, Mar.-Apr. 1955, pp. 103-105 

Describes tilt-up construction using hollow 
concrete block wall panels in France for the 
The de- 
sign by the contractor (following the Euro- 
pean system) won a $1,300,000 contract for 
The 


method consists of a continuous tilt-up pro- 


construction of an ordnance depot. 


32 buildings as an alternative bid. 


cedure, eliminating the necessity for cast-in- 
place columns between panels, by the utiliza- 
tion of panel dowels fitting into sockets in 
the footing for anchorage. Both design 
features and construction methods are well 
illustrated and described. The novel feature 
in the method, other than the anchorage, 
was the use of floor filler tile to lighten the 
wall panels in precisely the same manner in 
which tile-joist floors are constructed in this 
country. 


Lightweight floor structure 


The Engineer (London), V. 199, No. 5168, Feb. 11, 


1955, pp. 195-196 
Reviewed by Aron L. Mirsky 
Describes construction of second story of a 
garage, using Shishkoff cast hollow concrete 
units (The Engineer, Nov. 14, 1952, pp. 647- 
648; “Current Reviews,’’ ACI Journat, Apr. 
1953, Proc. V. 49, pp. 767-768) in the light- 
weight floor. A separate steel frame was 
erected to support the floor independently of 
the existing one-story building; floor con- 
sisted of light prestressed concrete beams 
spanning between the steel framing and 
supporting the Shishkoff units, which were 
then topped with 2 in. of concrete. 


Two precast concrete structures 


The Engineer (London), V. 199, No. 5171 
1955, pp. 299-301 


Mar. 4, 


Reviewed by Aron L. Mirsky 


Describes (1) an 11-story apartment house 
at Wandsworth, with a reinforced concrete 
frame partly of precast and partly of cast-in- 
place concrete, constructed with the aid of a 
French tower crane; and (2) a flour mill at 
Andover. Construction 
both cases. 

First structure is also described in Con- 
crete and Constructional Engineering, June, 
1955, pp. 233-237. 


time was short in 


December 


50,000-ton drydock for tankers at 
Amsterdam (in Dutch) 
W. R. Hovine, Cement (Amsterdam), V. 7, Ni 
Feb. 1955, pp. 17-20 
Reviewed by Joun W. T. Van | 

Drydock is 800 ft long, inside width 129 
inside height 35 ft. It has conventional cross 
section of gravity type, with floor slab ca 
levered out both sides beyond walls to reduc 
moments in floor slab and use weight of soil 
on cantilevered ends to counteract buovane) 
Approximately 100,000 cu yd of concrete 
were Concrete mix was: 510 lb of 
cement, 1140 lb of sand (3 percent moistur: 
2300 Ib of coarse aggregate (1 percent mois- 
ture), and 30 gal. of water. 3000 tons of rein- 
forcing steel (plain bars) up to 2-in. diameter 
were used. 


used. 


Reinforcing mats were prefabri- 
cated in yard and put in place by tower 
Bars 
spliced by welding. 


crane. over %34-in. diameter wer 
Top reinforcing mat of 
the 18.5 ft thick base slabs was supported on 
15 ft built from 34-in. bars 
welded into truss-like structure. Wall forms 
were designed for a pressure by the fresh con- 
crete of 600 psf. Four lateral expansion 
joints subdivide the dock in five sections 
Watertightness is assured by the use of em- 


high chairs 


bedded rubber strips combined with asphalti 
joint fillers. 


Unique concrete structures (Eigenartige 
Betonbauten) 


Die Bauzeitung (Stuttgart), V. 60, No. 5, May 1955 
pp. 218-219 


Reviewed by Aron L. Mirsky 


“Concrete is the construction material o 
technical The Massa- 
chusetts Institute of Technology shell sup- 
ported at three points and the nested cylin- 
drical elements of 
St. Gallen 
point. 


wonder-creation.”’ 


the factory at Gossau 


in Switzerland are the cases ip 


Repair of Ridham Dock 


The Engineer (London), V. 199, No. 5184, June 3, 19 
ay eer 


pp. 772-773 


{ron L. Mirst 


Reviewed by 


West wall of dock, a mass concrete \ 
800 ft long, which shifted and tilted in t! 
East Coast floods of Jan.-Feb. 1953, has beet 
reconstructed primarily as a reinforced « 
crete slab between two rows of steel shi 
piling and supported by either concrete pies 
or what is left of the old wall. 
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Design 


Blast resistant building frames 

-uce G. Jounston and Arcuiz Martuews, Pro- 

dings, ASCE, V. 81, Separate No. 695, May 1955, 

pp., $0.50 

Specific suggestions for good practice that 
will reduce damage suffered by industrial 
building frames subjected to bombing are 
suggested. The scope of construction con- 
sidered includes, one-story steel frame con- 
struction with durable contents not liable to 
serious damage as a result of high winds of 
tornado proportions. The authors claim that 
protection for this class of construction can 
be considerably improved at relatively small 
The paper includes a dis- 
cussion of general factors favoring maximum 
plastic resistance of steel beams, columns, 
and details. Of particular interest to ACI 
members is the principal conclusion that flat 
roof 


increases in cost. 


reinforced concrete slabs on a steel 
building frame are the best low cost precau- 
Presum- 
ably this conclusion would apply equally 
well for any similar lateral loading such as 


hurricane, tornado, and earthquake. 


tion to increase blast resistance. 


Analysis of factory chimneys with 
flue openings (Die Berechnung von In- 
openings (Die Berechnung von _ In- 
dustrieschornsteinen mit Fuchsoeff- 
nungen) 


W. Fucnssremver, Der Bauingenieur (Berlin), V. 29 
No. 7, July 1954, pp. 247-249 
Reviewed by Aron L. Mirsky 


Stresses in chimneys with single flue open- 
ings with stiffened edges are evaluated with 
the aid of shell theory. 
is included. 


A numerical example 


A comparison with Art. 402 and the 
appendix of ACI 505-54 “Specification for the 
Design and Construction of Reinforced Con- 
crete Chimneys” [ACI Journa., Sept. 1954, 
Proc. V. 51] will be rewarding. 


Reinforcement dimensioned to avoid 
large crack width (in Swedish) 
\. Berereut, Betong (Stockholm), V. 39, No. 3, 1954, 
pp. 137-155 
Reviewed by MarGaret Corsin 
A mathematical derivation is given of an 
expression for the calculation of crack widths 
in a reinforced concrete structure. The ex- 


pressions assumed in Swedish regulations 


for certain functions included in the formula 
have been inserted, after which the formula 
has been converted into a_ reinforcement 
diagram. 

The reinforcement is then obtained from 
A, = cW¥bM, where c is almost entirely de- 
pendent on the maximum permissible crack 
width 6 and the diameter d of the bar. The 
fundamental assumptions are discussed in 
connection with theories and published ex- 


perimental results 


Machine computation of reinforced 
concrete sections in coplanar bending 
(La calcul a la machine des sections de 
beton arme flechies dans un plan 
moyen) 

J.-R. Ropinson, Annales des Ponts et Chaussees (Paris 


V. 124, No. 6, Nov.-Dec. 1954, pp. 671-704 
Reviewed by Aron L. Mirsky 


Formulas are developed for simplified 


calculation of stresses in reinforced concrete 
members of complicated shape, using electric 
desk 
values of areas and first and second moments 
(in terms of unit 
tion) at various heights are appended for 


various 


calculators. As an aid, tables giving 


width or thickness of sec- 


basic sections (rectangle, triangle, 


circle, octagon, hexagon) 


Direct angle distribution—a method of 
frame analysis related to direct mo- 
ment distribution (in Swedish) 
S. O. AspLunpD, Betong (Stockholm), V. 40, No. 1, 1955 
pp. 45-61 
Reviewed by MarGaret CorsBin 

The paper contains parallel expositions of 
the familiar method of direct moment dis- 
teibution and the related method of direct 
direct dis- 


angle distribution. In moment 


tribution, distributed end moments are 
multiplied by carry-over moment factors to 
give moments in opposite ends of members 
In direct angle distribution, joint rotations 
are multiplied by carry-over angle factors to 
yield adjacent joint rotations. For com- 
parison, numerical examples are worked out 
for both methods. 


advantages over the other. 


Each method has minor 
When only joint 
rotations are required, as for instance in the 
evaluation of influence lines, the method of 
direct angle distribution appears to be prefer- 
able. 
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Materials 


Experiences with thermoplastic mem- 
branes, based on Oppanol B in con- 
struction and waterproofing (Erfah- 
rungen mit thermoplastischen Kunst- 
stoff-Folien auf Basis Oppanol B in 
der Bau- und Abdichtungstechnik) 


Heinz Lanoe, Der Bauingenieur (Berlin), V. 29, No. 6 


June 1954, pp. 213-222 
Reviewed by Aron L. Mirsky 
Oppanol B, a German plastic, has been 
used successfully for waterproofing bridge 
decks, tunnels, and other structures. Article 
summarizes its properties and its uses to date. 


Schittbeton with various aggregates 
(in German) 


A. Hummet and K. Wescue, Bulletin No. 114, Deut- 
scher Ausschuss fiir Stahlbeton, Berlin 

Reviewed by OsKAR SCHREIER 

Schuttbeton is a 


concrete bricks, 


rubble, remnants of concrete, mortar, etc., 


using 


left from the war as aggregate with about 
214-3 sacks of cement per cu yd and a low 
water-cement ratio. This concrete is placed 
in special forms with wire mesh sheeting to 
obtain a rough surface ready for plastering. 
Comparative figures on the weight, strength, 
heat- and 
given. 


sound-proofing properties are 
The photos give a good picture of the 
structure of the materials, while tables and 
diagrams show the results of numerous tests. 
The strength ratio of concretes with differ- 
ent aggregates but the same weight of ce- 
ment, water-cement ratio, and handling for 
round sand aggregates: Schuttbeton: natural 
pumice is shown as about 1:0.65:0.25, re- 
spectively. 


Gap-graded aggregates 
concrete 


T. E. H. Wiiu1aMs, Engineering (London), V. 179, No. 
4662. June 3, 1955, pp. 693-698 
Reviewed by Aron L. Mirsky 


in vibrated 


Theory of gap grading is that omission of 
intermediate aggregate will 
“particle interference’ (wedging action). 
Author reports results of studies with single- 
size, graded, and gap-graded aggregates, in- 
dicating that the relationship between the 
value of the mean void diameter for a com- 
pacted coarse aggregate and the mean pro- 
jected diameter of the particles of a fine 
aggregate is the criterion for particle inter- 


sizes reduce 


CONCRETE INSTITUTE 


December 19 


ference, which occurred when the value of th, 
former was less than the value of the latte: 
The relationship between vibration time and 
crushing strength for various gradings was 
also investigated. 


Concrete treated with Plastiment (No- 
tizie sul calcestruzzo trattato 
Plastiment) 


M. DePra, I! Cemento (Milan), V. 
1954, pp. 6-14; No. 4, Apr. 1954, 
May 1954, pp. 6-11 


con 


51: No. 3, Ma 
pp. 11-20; No 


Reviewed by G. Mianvut 


Describes briefly the problems inherent in 
concrete mixtures and stresses that the solu- 
tion consists of determining the quality of the 
component parts if a 
and economy is to be attained. 


certain workability 
Duriez’s in- 
terpretation is used to explain the physical- 
chemical action exerted Plastiment 
particles on cement hydration and the effect 
of the substance on the mixture. A detailed 
description tension-active 
stances for workability and quality of con- 
crete mixtures. 


by 


follows of sub- 


Refractory concretes (Les betons refrac- 
taires) 

L. LonacuamMBpon, Memoires, Societe des Ingenieurs 
Civils de France (Paris), V. 108, No. 2, Mar.-Apr 

1955, pp. 135-156 


Reviewed by Aron L. Minsk 


A survey of the history, properties, and 
uses of French refractory cements (‘‘ciment 
fondu’’ and others) and concretes. 

Discussion of the paper is printed in the 
Society’s Bulletin, No. 2, 1955, pp. 38-43 


Pavements 


Performance during the first 5 years of 


the experimental concrete 
Oxton, Nottinghamshire 


Joun Auvuister Lor, Proceedings, Institution of Civi 


Engineers (London), Part II, V. 4, No. 1, Feb. 1955 


ep. 


road at 


pp. 137-166 
Reviewed by Aron L. Mrrsk 
Experimental road, first to be constructed 
of a projected series of such roads on various 
soils, was designed to determine most eco 
nomical thickness of construction for 
gravelly-sand soil. Thirty-two 180-ft 
tions were constructed as part of a dual hig! 
way built in 1946-47 and opened to traffi 
in February, 1948. Variables were sla! 
thickness (3 to 8 in.), base thickness (0 to ‘ 


BCC 
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of sand-cement), and reinforcement 
‘+k of it. Structural 
luated in terms of cracking, settlement, 


or 
performance was 
id horizontal movement at the joints. 
Results indicate that unreinforced slabs 6 
or thinner gave unsatisfactory perform- 
ince while reinforced slabs 5 in. and thicker 
ere satisfactory; that stabilized bases are 
:pparently ineffective on gravelly-sand soil; 
that reinforcement is effective; and that load- 
transfer devices at joints are needed (pro- 
vided slab thickness is such that no spalling 
will result from their use). 


Present status of highway construction 
technique (Der heutige Stand der 
Strassenbautechnik) 
VDI Zeitschrift (Duesseldorf), V. 
1955, pp. 16-20 

Reviewed by Aron L 


E. NEUMANN, 
No. 1, Jan. 1 


97, 
Mirsky 


Summary of current practices for subbase, 
subgrade, pavement (portland cement con- 
crete, soil-cement, bituminous binder ). Ameri- 
can methods are included. 


Lean concrete compacted by roller 


Concrete and Constructional Engineering (London), \ 


48, No. 10, Oct. 1953, pp. 339-340 


Concrete, with an aggregate to 


ratio of 14 to 1 was used as 


cement 
a base for 51% 


miles of road. A water-cement ratio of 0.7, 


including 0.1 for evaporation, provided a 
suitable mix for compacting the 8 and 10 in 
bases with 214-ton steel rollers. 


Jet blast test of bituminous pavements 
and joint fillers (in French) 


J. Anu, Annales des Ponts et Chaussees 
No. 5, Sept.-Oct. 1954, pp. 521-537 
Reviewed by Aron L. Mirsky 


Paris), V. 124 


Description of test 


summary of results. 


apparatus and_ brief 


Temperature variations and their effect 
on concrete pavements (in Swedish) 
L. BeERNELL, Betong (Stockholm), V. 39, No. 4, 1954 


pp. 217-242 


Reviewed by MARGARET CORBIN 

A theoretical analysis of temperature varia- 
tions in concrete pavements and a summary 
of test results. The tests comprised accurate 
temperature and strain measurements made 
on crack-reinforced and statically reinforced 
concrete test Five 
thermocouples were embedded in the concrete 


pavements and slabs. 
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3, 6, 10, and 14 cm, 
respectively, from the surface 


pavement at depths of 1, 
Observations 
recorded temperature rise after placing of con- 
crete and the curing effect of wetted straw 
Field tests also included strain measurements 
the 
Agreement was variable 


from which frictional stresses in 


pave- 
ments were derived. 


Some considerations of airfield pave- 
ment design 

James A. SKINNER and Freperick R. 
ceedings, Institution of Civil 


Part II, V. 4, No. 1, Feb. 1955 


discussion 


Pro 
London 
including 


MARTIN 
Engineers 
pp. 55-118 


Reviewed by Aron L. Mirsky 


the history of airfield 


design from the era of grassed landing strips 


Covers pavement 


to the present. Current methods of design 


are scrutinized, and charts useful for pre- 


liminary design or checking 


given. 


purposes are 


Prestressed concrete 


Brief study of prestressing of concrete 
(in Spanish) 


PreRRE GEeNDRE, [Re 
Venezuela 


ista del Colegio de Ingenieros de 
No. 228, Mar. 1955 pp. 9 15 
Reviewed by Josern J. Wappe.i 


Caracas 


A short but interesting and quite complete 
summary of prestressed concrete theory and 


practice, with paragraphs on history and 


theory, principles of prestressed beams in 
bending and shear, flexibility of prestressed 
beams, pipes under internal pressure, com 
pression members, loss of stress, and methods 


of prestressing 


Regulations for concrete constructions 
in Switzerland (Norme Swizzere per le 
costruzioni in calcestruzzo) 


0. P Milan), V. 51, No 


Rossetti, Jl Cemento 
Mar. 5 


1954, pp a 


Reviewed by G. Mianvui 


Examines the sections of the new regula- 
tions on prestressed concrete, issued by the 
Societé Suisse Des Ingenieurs Et Des Arch- 
itects. It the of ma- 
terials, method of design, unit stresses, fac- 


reviews properties 


tor of safety, and construction procedures 
The regulations as issued are quite liberal 
they are useful as a guide to experienced 
designers and constructors, leaving room for 
the 
knowledge is obtained 


improvement in future when more 
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Reasons why some steel wires with 
high resistance break spontaneously 
(in French) 


L. Bevtcue, Précontrainte 
July-Dee. 1954, pp. 65-76 


(Brussels), V. 4, No. 2, 


AUTHOR's SUMMARY 


Three spontaneous ruptures of steel wires 
with high resistance occurred in ties of con- 
crete arches. The wires used in the structure 
were of two types: one was heat treated 
silico manganese steel, the other was cold 
The ruptures occurred 
in the first type of wire where it was bent 
around the end of the concrete arch with a 
radius of curvature of about 20 cm for a wire 
diameter of 7 mm. 

Author made _ chemical and 
metallographic investigations, exposed wires 


drawn carbon steel. 


analyses 


to corrosion by hot chloric acid, and made 
usual bending Tests 
showed three factors responsible for rupture: 
atmospheric action, (2) 
presence of superficial defects, and (3) stresses 
in the wire due to curvature. 


tensile and tests. 


(1) corrosion by 


Conclusions are that use of wires of the 
first type is dangerous in prestressed concrete 
where wires have to be bent on a small radius. 
Also, for both types of wire it is important 
to protect them against corrosion from the 
moment they are put under tension. 


Considerations on the safety of pre- 
stressed concrete structures (in Spanish) 
H. Ruscn, Bulletin No. 145, Instituto Téenico de la 
Construcci6n y del Cemento (Madrid), 1955, 20 pp. 
Reviewed by E. Rosens_vuern 
Author calls attention to the different 
sources of uncertainty in structural design. 
He proposes a fixed partial factor of safety for 
each type of uncertainty, differing in concrete 
and steel because of the different relative 
deviations of strength in these materials with 
A further 
safety factor of 1.2 is suggested for members 
in which a sudden failure would endanger 
human lives. The total factors of safety for 
design are made equal to the products of all 
the pertinent partial factors of safety. Author 
advocates assumption of curved stress dis- 
tribution in compression zone for prediction 
of collapse load, and gives graphs based on 
unpublished results of tests concerning the 
depth of the resultant compression and the 
average compressive stress at failure in pre- 
stressed beams. 


respect to their normal values. 
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Freyssinet prestressed concrete system 
with 7-mm wire (in Swedish) 
B. Broms, Betong (Stockholm), V. 40, No. 1, 195 
opiates: Reviewed by MarGarer Corsin 
While Freyssinet’s prestressing system had 
been used in Sweden before, prestressing 
wires 7-mm in diameter were used for the 
first time in a tram shed in Stockholm, where 
80 tons of cable steel were placed in long-span, 
and ar- 
rangements are illustrated and importance 
of early coordination of prestressing with 
other operations is urged. 


cast-in-place girders. Procedures 


Time for prepar- 
ing and placing cables is analyzed and costs 
are given. Cables with 7-mm wires ar 
found to be about 20 percent cheaper than 
5-mm wires, provided allowable strength is 
the same for both types. Cost comparisons 
are also made for prestressed and conventional 
reinforced concrete construction. For girders of 
unlimited depth, greater economy is achieved 
by using conventional concrete for spans up 
to 20 to 30 m. 


Properties of concrete 


Damage to concrete caused by sulfide 
minerals (in Swedish) 


T. Hagerman and H. Roosaar, Betong (Stockholm 
V. 40, No. 2, 1955, pp. 151-161 
Reviewed by MarGaret Corsi 


Sulfide minerals in aggregates will presum- 
ably react with cement aluminates to create 
voluminous calcium sulfoaluminate crystals 
This problem is of immediate interest in the 
Norrland region of Sweden. Various methods 
were investigated to test the damaging 
effects of pyrrhotite (Fe,-;S,) and pyrite 
(FeS:). Concrete beams, 10x 15x 80 em, 
contained aggregate with approximately 4, 
14, and 21 percent pyrrhotite. Stockholm 
granite, practically free from sulfide minerals 
was used in parallel series. Beams 
cured in the forms for 14 days, then stripped 
and stored in a moist room to 28 days. Three 
beams of each series were then stored 3 days 
in hot water and 4 days in air at 75 
Other curing conditions also 
The changes in concrete were checked b) 
measuring the natural frequency in trans 
verse vibrations, and by length measurements 
The first visible damage occurred at 2! 
months in beams containing 21 
pyrrhotite aggregate and stored at 75‘ 
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beams containing pyrrhotite and stored 
heat showed inferior qualities compared to 
ose made with Stockholm granite. Beams 
ed at room temperature were all un- 
imaged. Three beams containing 14 per- 
nt pyrrhotite aggregate stored outdoors 
wed a definite tendency to expand. 


Penetration of concrete by radionu- 
clides in solution 

H. GevanTMan and D. Sam, Canadian Journal of 
Technology (Ottawa), V. 33, No. 2, Mar. 1955, pp. 122- 


Reviewed by Aron L. Mirsky 


Contribution to the problem of con- 
tamination of concrete structures by radio- 
ictive materials. Five ions were studied, and 
diffusion constants for two of them were 
raleulated. 


Calculation of pressure of concrete 
on forms 
R. Sensopt, Proceedings, ASCE, V. 81, Separate 
No. 680, May 1955, 16 pp., $0.50 

A formula for the calculation of pressure 
of concrete on forms is developed math- 
ematically. Variable factors considered in 
the formula are: setting time, consistency and 
weight of concrete, smoothness and cross 
section of forms, rate of filling, and the depth 
to which vibration penetrates. The formula 
is general and quite complicated, but curves 
for the more complicated constants are in- 
cluded which make the actual calculation 
reasonably fast. The material constants re- 
quired are discussed and safe values indi- 
cated for various conditions of operation. The 
pressures Obtained by using the formula are 
compared with building practice (in Norway) 
and with a few tests. For ordinary condi- 
tions use of the suggested formula gives much 
lower total pressure than the various simpli- 
fied straight line “liquid pressure’ formulas 
in common use. 


A theory of the deformation and fail- 
ure of concrete (in Swedish) 
E. Rerntus, Betong (Stockholm), V. 40, No. 1, 1955 
pp. 15-43 
Reviewed by MarGaret CoRBIN 

\ theoretical analysis of stresses in the 
‘rystals of a schematic concrete structure is 
compared with test evidence. Curves show 
the expected variations of deformation under 
ombined load. 
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Effect of capping on the compressive 
strength of concrete cubes 
S. Anmep, Magazine of Concrete Research (London) 
V. 6, No. 19, Mar. 1955, pp. 21-24 
AvuTHOR’s SUMMARY 

It ‘vas found that capping the concrete 
faces with a molten mixture of sulfur, sand, 
and carbon black gives the least scatter of 
test results and strength values which appear 
most representative. With some capping 
materials, however, a reduction of about 10 
to 50 percent in strength was obtained. 


Problems of calculation of concrete 
mixtures 


8S. Popovics, Separate No. 1-2, V. 11, 1955, Research 
Laboratory for Building Sciences, Budapest, (from 
Acta Technica), 14 pp. 


Discusses theoretical relationships — be- 
tween the amount of mixing water required 
and “one of the numerical values character- 
istic of consistency,”’ 7.e., value of flow. Com- 
plicated mathematical relationships between 
the water-cement ratio and the value of flow 
are developed, for which curves are drawn. A 
method is presented for finding the most 
economical composition of concrete to pro- 
duce a required strength at a desired con- 
sistency using a cement of given quality. 
Presumably, the result will apply only for 
the particular cement used. Formulas are 
presented for this calculation 


Freezing and thawing tests on cement 
mortar (in Swedish) 
S. G. Berestrom, Betong (Stockholm), V. 40, No. 2 
1955, pp. 107-125 
Reviewed by MarGcaret Corsin 

Tests of the effect on frost resistance of 
cement mortar of variations in mixing, pro- 
portions, curing conditions, and degree of 
compaction are reported. If water-cement 
ratio, or cement paste content, or grading is 
varied alone in such a manner that con- 
sistency becomes more fluid, frost resistance 
of cement mortar decreases. If water-cement 
ratio and cement paste content are varied 
at the same time, while consistency remains 
unchanged, the effect of the water-cement 
ratio is predominant. The effect of water- 
cement ratio and cement paste content can be 
represented by the product of these two 
quantities if the water-cement ratio is re- 
duced by a certain definite value, in this case 
0.20, corresponding to those mixing propor- 
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which 
water is zero. 


tions at the quantity of freezable 
Frost 
water absorption increases in the hardened 
mortar. Specimens cured in water all the 
time showed first a greater, then a markedly 
diminishing frost 


resistance decreases as 


vi- 
bration causes a slight decrease in frost re- 


resistance. Excessive 


sistance. 


influence of frost action upon grouting 
cement in prestressed beams (Die 
Einwirkung von Frost auf den Ein- 
pressmoertel von Spanngliedern) 
Artuur Roeuniscn, Beton- und Stahlbetonbau (Ber- 
lin), V. 50, No, 2, Feb. 1955, pp. 64-71 
Reviewed by Vaupis Lapsins 
An unknown factor had influenced the 
formation of longitudinal cracks in structural 
members of several bridges recently built in 
Germany. These members were subjected 
to field tests, yet they did not indicate that 
the cracks were caused by either static or 
dynamic strains. 
To the 


tests were conducted. 


investigate problem, laboratory 
The first in a series of 
tests contained research on (1) decomposition 
of grouting cement, (2) influence of tempera- 
ture upon hardening process, and (3) effect 
of frost action. Factual information was ob- 
tained in regard to the behavior of grout 
under unfavorable conditions. For further 
studies and for prevention of undesirable 
effects more information is 
Beton- und Stahlbetonbau, V 
1955. 


contained in 
. 50, No. 3, Mar. 


Permeability of concrete (in Swedish) 
Per Nycanper, Betong (Stockholm), V. 39, No. 2, 1954, 
pp. 85-107 
Reviewed by MarGaret Corpin 

Studies on permeability of concrete are 
reported and different methods of testing 
permeability are compared. The data ob- 
tained and discussed relate mainly to: the 
effect of grading and particle shape of aggre- 
gate on permeability of concrete; the effect 
of air entrainment permeability; the 
ratio of weight increase to depth of moisture 
penetration as an indication of permeability; 
the effect of dissolved air in the water on the 
watertightness of concrete; dependence of 
leakage on water pressure; effect of condi- 
tions of moist curing; and water absorption 
by concrete during curing. It includes 26 
references. 


on 
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Structural research 


Determination of tensile stress, strain 
curves for concrete 


JoserpH Derwent Topp, Proceedings, Institution 
Civil Engineers (London), Part I, V. y 
1955, pp. 201-211 


4, No. 2 


Reviewed by Aron L. Mirst 


Paper concerns comparison of stress-strai: 
curves for concrete in ‘‘pure”’ tension with 
those obtained from tests of plain concrete 
beams. Once causes of discrepancies had been 
identified and removed, agreement was good 
the maximum strain attainable in the « 
crete was of the order of 10 & 10-5. 
beams, 6 in. x4 in. x5 ft 
loaded at the 
tested, using electrical strain gages. 


Five 
length, 


effective 
third-points, were 
Results 
indicated that plane sections remained plane 
and that the neutral axis rose as the bending 
moment increased. 


Stress-strain curves were determined by 
graphically differentiating the moment—maxi 
mum fiber stress curves. It was found ther 
was a decrease in stress just before failur: 
occurred, This phenomenon was not found i 
testing the usual type of tension specimen 
as a result, a new type of specimen was de- 
veloped, consisting of a 4 x 12-in. cylinder re- 
inforced by a 1-in. diameter rod 28 in. long 
An electrical strain gage was mounted at the 
midlength of the rod, which at that point was 
encased in a sleeve 334 in. long; bond be- 
tween concrete and sleeve, and sleeve and rod, 
A 4-in. length of the rod 
either side of the sleeve was knurled to in 
crease bond. In addition, a method of cor- 
recting for eccentricity occurring during test- 
ing was developed. 


was prevented. 


This consisted of apply 
ing corrective external bending moments t 
the specimen as determined from the read 
ings of several external extensometers. 


Strength of concrete footings loaded 
through steel base plates 


W. Suetson, Ontario Hydro Research News, Hydr 
Electric Power Commission of Ontario, V. 6, No. 3-4 
July-Dec. 1954, pp. 8-11 


Reviews briefly a study of the bearing 
capacity of concrete under steel base plates 
Test results indicate the following trends: (! 
A considerable increase in ultimate bearing 
pressure generally results from an increas’ 
in the ratio of total footing area to loade 
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,. (2) The maximum bearing pressure 
erally increases as the ratio of width to 
The caleu- 


ion of theoretical bearing capacity is also 


th of the footings increases. 
ussed and compared with test results. 

measured 
ceeded the theoretical value. 


bearing capacity generally 


Behavior of aged post-tensioned 
beams—A study of crack development 
(Comportamento nel tempo di trave 
precompresse a cavo scorrevole. Studio 
di fessurazione) 

\ si: No 4 


Rosser: and G. Maccii, Jl Cemento (Milan), 
Apr. 1954, pp. 2-10; No. 5, May 1954, 


teviewed by G. MIANULLI 


Describes a series of tests performed on 


post-tensioned beams. Purpose of the in- 
vestigation was to determine loss of tensile 
stress in the cables, behavior of the material, 
ind size and shape of cracks by using different 
measuring devices. The theoretical compu- 
tations of stress loss were based on the be- 
havior of materials and age. Then, direct 
checking by measurements of pre-tension 
forces developed in the cables and flexural 
stresses under loading on beams was done in 
the laboratory. 

Some conclusions were: (1) Flexural tests 
showed some characteristics in the cracked 
section of the beams (local reduction in sec- 
tion modulus, a variety in the direction of 
cracks, and, in some places, concentrations 
of deformation) which made rather difficult 
the interpretation of the tests. (2) Theoreti- 
cal computations and actual measurements of 
pre-tensioning forces agreed satisfactorily. 


Impact in railroad bridges 


E J. Rusie, Proceedings, ASCE, V. 81, Separate No. 


736, July 1955, 36 pp., $0.50 

The subject of impact in railroad bridges 
has long been of interest to designing en- 
gineers. No reliable methods of measuring 
the impact stresses existed until quite re- 
ently with the development of electrical 
strain gages. The author describes extensive 
field and laboratory investigations conducted 
by the research staff of the Assn. of American 
Railroads and presents a partial summary of 
findings to date. Steel bridges of all types 
were tested as well as some timber bridges. 
The most interesting findings were that our 
present design values for short spans are en- 
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tirely too high while those for the design of 
trusses are too low; that the critical speed for 
both diesel and steam locomotives is in the 
10 mph that 


composite action has developed in all girder 


neighborhood of and some 

spans with cast-in-place concrete floors, even 

though no effort was made to bond the con- 

crete to the steel. 

reinforced concrete railroad 
that: (1) the 

considerable part ol 


Tests on four 
bridges indicate concrete is 
the 
(2) compressive stresses were much 
than calculated 
that concrete is not taking any tension and 
that 


(3) although 


carrying a tensile 


stresses: 


lower on the assumption 


even on the assumption concrete 1s 


the 
percentages in the compression concrete were 


taking tension; impact 
larger than the design allowance, the recorded 
maximum stresses were less than those cal- 
culated for live load plus impact allowance; 
(4) although impact stress in the tensile rein- 
forcement was greater than the design allow- 
ance, the recorded maximum tensile stresses 
were only about 20 percent of the calculated 
tensile stresses due to live load plus impact 
The paper concludes with an account of full 
scale load tests on six concrete slabs, two of 
which were removed from a 40-year old rail- 
road bridge, three of which designed and 
built in accordance with present practice and 


theory, and one of which was pre-tensioned 


General 


A variable-air-gap inductance strain 
gage 


J. C. Srmmons, 


J. Magazine of Concrete Research 
(London), V. 


6, No. 19, Mar. 1955, pp. 31-34 
AvuTHor’s SUMMARY 


Describes a sensitive inductance strain 
gage designed for use on wet concrete test 
specimens. The gage is of the variable-air- 
gap type and depends on the strain of the 
test specimen causing a change in length of a 
An a-C 
bridge network and an amplifier enable the 
output signal to be measured by a d-c milli- 


ameter. 


small air gap in a magnetic circuit. 


The sensitivity of the gage can be 
varied over a wide range and, over the range 
of sensitivities tested, the calibration curve 
was sensibly linear. At maximum sensitivity 
strains of the order of 2 < 10-7 could be de- 
tected. 
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Concrete manual 
U. 8. Bureau of Reclamation, 6th Edition, 1955, 
490 pp., $2.50 (Available from Superintendent of 
Documents, U. 8S. Government Printing Office, 
Washington 25, D. C.) 

This comprehensive manual for the control 
of concrete inspection has been rewritten and 
supplemented to include new knowledge, ma- 
terials, and methods. The added material 
includes new information on factors influenc- 
ing the strength of concrete, discussion on the 
effects and use of air-entraining admixtures, 
pozzolans, and calcium chloride. In partic- 
ular, precautions are given for the use of 
calcium chloride where sulfate attack is ex- 
pected. Additional material on cold-weather 
concreting includes a treatment on form in- 
sulation which has proved to be economical 
and satisfactory. More material has been 
added on the repair of concrete. The section 
on proportioning concrete mixes has been re- 
written in conformance with recommenda- 
tions of ACI 613-54. 

Those not familiar with the contents of 
previous editions will find this manual an 
authoritative, comprehensive treatise on the 
entire field of concrete technology, properties 
of concrete, effect of various factors influenc- 
ing these properties, concrete materials, pro- 
portioning concrete mixes, and all phases of 
inspection. Field and laboratory testing are 
included. Special sections dealing with 
hot- and cold-weather concreting precautions, 
repair and maintenance of concrete struc- 
tures, and special methods of concreting and 
concrete, such as, lightweight concrete, pre- 
packed concrete, vacuum processed concrete, 
shotcrete, and pressure grouting are included. 
The book should be as valuable a reference 
to serious students of concrete technology 
as to practical men in concrete construction. 


ASTM standards in building codes 


American Society for Testing Materials, Philadelphia, 
Pa., Apr. 1955, 950 pp. 


Many building codes have adopted, by 
reference, various ASTM standards as 
sources of test procedure and as a basis for 
acceptable quality for materials and construc- 
tions. Ordinarily these standards are scat- 
tered among the several volumes of the Book 
of ASTM Standards. In combining all such 
reference standards under one cover, this 
compilation should be particularly useful to 
those using building codes. 
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Tests of anchors for mass concrete 


forms 


Technical Memorandum No. 6-399, Waterways } 
periment Station, Corps of Engineers, Mar. 1955 
pp., $0.50 

The tests were initiated to obtain infor 
tion on the holding strength of a variety 
form anchors to determine how soon forms 
(cantilever type for mass concrete) 


an 
safely be removed for reuse. Ten types of 
anchors were tested in concrete containing 
21% sacks per cu yd of Type II cement. At 
ages up to 3 days the compressive strengths 
mostly 1000 psi 
Results indicate that, under the test condi 
tions used, adequate holding strength was 
developed in practically every case by the 
time the concrete was 3 days old. All ex- 
cept two types of anchors caused cracking 


developed were below 


in the concrete before sufficient movement 
was observed to be classed as a failure of the 
anchor. 


Experimental science and civil engi- 
neering research 


FREDERICK MeasHaM Lea, Proceedings, Institution 
of Civil Engineers (London), Part I, V. 4, No 
May 1955, pp. 244-263 


Reviewed by Aron L. Mirsky 


A most interesting survey of ‘“‘a few of the 
developments in experimental science that 
have contributed to 
civil engineering research’’ and some of thei 
applications: gages 
radiography in the study of bond of reinfor: 
ing steel and the atomic structure of 
and hardened cement, gamma and neutron 
(Abstracts of this paper 
also appeared in The Engineer, V. 198, No 
5162, Dec. 31, 1954, pp. 919-921.) 


modern advances in 


vibrating-wire strain 


frest 


rays, ultrasonics. 


Job equipment (concrete mixers) Ma- 
quinaria en obras (hormigoneras) 
Isiporo DE Bias Gomez, Bulletin No. 133, Institut 
Técnico de la Construccién y del Cemento, Madrid 
Jan. 1953, 76 pp. 
Reviewed by Emitio RossnsB_vuet 

Extensive catalog of concrete mixers mad 
in many parts of the world, including p: 
tinent characteristics of each type, make, ar 
-apacity. 
general treatment of the theory of concret+ 
mixers; a selected annotated bibliography 
the subject; a description of the differe: 
types available; and 
Spanish, French, English, and German 


The catalog is preceded by 


a short glossary 
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Ultimate Strength Design™ 
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Chairman 
RAYMOND ARCHIBALD CLYDE T, MORRIS 
EIVIND HOGNESTAD JOHN I. PARCEL 
VERNON P. JENSEN DOUGLA AS E. PARSON 
STEWART MITCHELL RAYMOND C. REESE 
CHARLES S. WHITNEY 


Advancement in the field of structural design and analysis must of necessity proceed with extreme caution 
and deliberation. This has been true of the recommendations in the report of ACI-ASCE Committee 327, 
Ultimate Load Design, which culminates over 10 years of continuous study of the subject. The joint committee 
was formed as a subcommittee of the ASCE Committee on Masonry and Reinforced Concrete under the 
chairmanship of the late A. J. Boase in 1944. It immediately commenced a comprehensive study of the 
adequacy of the ultimate strength theory and various design formulas. As a result of its studies, it initiated 
a series of both short-time and sustained load tests on eccentrically loaded columns to confirm its findings. 


In 1949 L. H. Corning was made chairman of the subcommittee. At this time, the subcommittee further 
recommended an extensive test program on the shear resistance of reinforced concrete members. This in- 
vestigation is still in progress so no recommendations relative to shear are made in the current report. In 
1952, the subcommittee was made a joint committee of ACI and ASCE. 


Hand in hand with the studies made on ultimate strength formulas, the committee has investigated the 
question of overload factors in terms of the practice prevailing in countries where designing by ultimate 
strength is extensively used, and of the factor of safety implied in conventional design. 


—Editor 


SYNOPSIS 


Presents recommendations and aids for the design of sections by the ultimate 
strength design method. For usual types of buildings the moments, shears, 
and thrusts determined by coefficients recommended in the ACI Building Code 
are utilized in the design formulas recommended by the committee. Similarly, 
indeterminate structures must first be analy zed by the theory ef elastic dis- 
placements. Provisions are included for bending moments in compression 
members, shortening of arches, and deflections. A specific degree of control 
is recommended for concrete used in structures designed by this method 


HISTORICAL BACKGROUND 


A pronounced interest in the ultimate strength of structural members 
dates back only one or two decades, but its origin may be found far back in the 
records of engineering endeavor, further back than the concepts of elasticity 
and working stresses. The origin of systematic thought regarding flexure of 
beams, Galilei’s work of 1638, was exclusively devoted to ultimate strength. 

Received by the Institute, Sept. 16, 1955. Title No. 52-30 is a part of copyrighted JOURNAL OF THE AMERICAN 
Coxenere Insti rE, V. 27, No. 5, Jan. 1956, Proceedings V. 52. Separate prints are available at 50 cents 
ach. Discussion (copies in triplicate) should reach the Institute not later than May 1, 1956. Address 18263 W 
M Nichols Rd., Detroit 19, Mich. 


Phis report in form and substance as here submitted was approved unanimously by the committee as listed above 
For test data and derivation of formulas see Paper No. 809, ASCE Proceedings, V. 81, Oct. 1955 
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Fig. 1—Early assumptions in flexural analysis (From University of Illinois 
Engineering Experiment Station Bulletin No. 399) 


Hooke’s Law was formulated 40 years later, and over 180 years elapsed before 
the fundamental theorems of the theory of elasticity were developed by 
Navier in 1821. 

Several early studies of reinforced concrete members, such as Thullie’s 
flexural theory of 1897 and Ritter’s introduction of the parabolic distribution 
of concrete stresses in 1899, were ultimate strength theories (Fig. 1). The 
straight-line theory of Coignet and Tedesco became generadly accepted about 
1900. Two primary reasons were given for such acceptance. The straight- 
line theory was mathematically simple, and the resulting safety factors with 
respect to ultimate loads observed in tests, were sufficiently controlled to 
satisfy the requirements of that time. 

Ultimate strength design is not new even in terms of American specifica- 
tions. A committee report of the National Association of Cement Users sug- 
gested a reinforced concrete code in 1908 with the following design basis 
“The design shall be based on the assumption of a load four times as great 
as the total working load producing a stress in the steel equal to the elastic 
limit and a stress in the concrete equal to 2000 psi.” 

An American ultimate strength design code was never adopted, howeve! 
since the first Joint Committee on Standard Specifications for Concrete and 
Reinforced Concrete introduced the concepts of working loads and working 
stresses, thereby establishing the straight-line theory in 1909. Thus, condi- 
tions at working loads were emphasized in design, with relatively little atten- 
tion being devoted to controlling the safety of designs. 

In the early years of our century a rapid development took place in the use 
of reinforced concrete as a construction material. Many scientific studies were 
made to aid this development, but few new fundamental concepts were evolv¢ 
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(he straight-line theory became so widely used that there was a tendency 
yverlook the approximations involved in its assumptions, and applications 
ond the range of validity of the theory resulted. For instance, when 
ims were designed with an allowable concrete compressive stress, f., equal 

().325 times the cylinder strength, f.’, it was at times believed that the safety 

ctor against a compression failure was near three. In the 1920’s Lyse, 
Slater, and Zipprodt pointed out by beam tests that the safety factor in the 
case mentioned usually exceeds the ratio f.’ f., thus re-emphasizing the actual 
inelastic behavior of concrete. 

{nother important development was initiated by MeMillan’s study of 
column test data in 1921, which showed that building columns under load 
may develop steel stresses, due to creep, considerably higher than those pre- 
dicted by the straight-line theory. This led to the ACI Column Investiga- 
tion in the 1930’s by Lyse, Slater, and Richart. Rational equations for the 
ultimate strength of reinforced concrete columns were established, on the 
basis of which a major revision of column design procedures in the ACI Build- 
ing Code took place. 

In 1931 Emperger wrote a critical study of the modular ratio, allowable 
stresses, and the straight-line theory as used in reinforced concrete design. 
This paper initiated intense theoretical and experimental studies of the ultimate 
strength of beams, which soon spread over the world. In this country, Jensen 
and Whitney have made the most important contributions. 

In recent years, the literature on ultimate strength design, especially 
foreign, has become extensive. In England, impetus was given to the subject 
by R. H. Evans’ paper “The Plastic Theories for the Ultimate Strength of 
teinforced Concrete Beams” in 1944. In 1951 a doctoral thesis (Deutscher 
Ausschuss fiir Stahlbeton, Bulletin No. 103) was devoted almost entirely to a 
review and a comparison of the various theories. A less extensive review 
was included in Bulletin No. 399 of the University of Illinois Engineering Ex- 
periment Station, also published in 1951. 

Some of the theories that have been presented are reviewed in Fig. 2. It is 
diffeult to determine the stress-strain relation of concrete in flexural com- 
pression by direct experimental means since measurement of stresses is almost 
impossible, although strains may be easily observed. The stress distributions 
shown in Fig. 2 therefore vary somewhat. In terms of predicted ultimate 
strength of reinforced concrete members, however, if the proper empirical 
parameters are used there is a relatively small difference between the various 
theories. 

After 1950, a consolidation of knowledge has been carried out, and new 
mportant test data have been published. Our knowledge of the entire field 
of reinforced concrete design has advanced so far that a transition to ultimate 
strength design seems necessary to continue progress. Ultimate strength 


design has been adopted in Russia, Brazil, and several countries in Europe. 


Ultimate strength design procedure is being considered in several other 
countries. 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE January 1 


fe fe fe 


—— fab ' Zebf. Parabolo 


| 
r 2dbf, 
Chou A=) he ? mle 3 , 





a 





T 
a 





vo ! 
N 


ao) 
— Fo ——te At, _— poe tp 
E.Suenson (1912) G.v. Kazinczy (1933) Tension Compression 


E.Bittner (1935) A Brandtzaeg (1935) Failure Failure 
H.FEMichielsen (1936) C.S. Whitney (1937) L.J.Mensch (1914) 











5 lpn 0 eae aetna al Sh 


" rf. —o} 
f= 0.8 fu i. 
T = ; ~T-k,c 
—— “ i | k bet 
: q abt. “, 
=x 
a 


Asfs pL af, 


Tension Compression 
Failure Foilure (19 
9 


H. Kempton Dyson(1922) R. Saliger (| 











2 ela sn a PED le 


32 
36 


i 





| 
vo 
| 
t 








fet 
Tension Compression 
C. Schreyer (1933) Failure Failure F Gebauer (1934) 


S. Stevermann (1933) 


{= 085fiy 


-—F 2 bcf. 
oct. 
-=— © 


5) o He 
Parabola ie 


s A, f; €S f/E, Af, | Af. 
O. Baumann (1934) sh*t 
A. Brandtzaeg (1935) J. Melan (1936) Tension Compression 


E Bittner (1935) V.P Jensen (1943) Failure Failure 
R.Chambaud (1949) Fv. Emperger (1936) 




















jf" of kt 


cbf. : —F Parabola 
Cubic 


- Sine 
Parabola 


= f. ~ol Wave 





A,f. a> Af 


$s s’s 





Russian fot 
Specifications (1938) A. Guerrin (1941) R. Chambaud (1949) 





Fig. 2—Contemporary assumptions in flexural analysis (From University of 
Illinois Engineering Experiment Station Bulletin No. 399) 
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RECOMMENDATIONS FOR DESIGN 
vtroduction 

[his report presents recommendations and formulas for design of rein- 

ed concrete structures by ultimate strength theories. The term “ultimate 

rength design’ indicates a method of design based on the ultimate strength 

a reinforced concrete cross section in either simple bending, combined 
bending and axial load, shear, or bond on the basis of inelastic action. The 
report is confined to design of sections. It does not deal with the evaluation 
of the external moments and forces that exist in structures. 

The committee recognizes that in indeterminate structures, as ultimate 
load is approached, there is a readjustment in the relative magnitude of bend- 
ing moments at various sections due to a nonlinear relationship between 
load and moment with the moment in the more highly stressed sections in- 
creasing at a lower rate than in the sections less highly stressed. This in- 
elastic behavior, commonly referred to as redistribution of moments in limit 
design, is important, but this report has been confined to design of sections 
and consideration of their ultimate strength. Studies of the committee 
show that the ultimate load capacity of a reinforced concrete section can be 
predicted with an accuracy within design requirements. This has been 
verified by comparison of results obtained by theories and tests. 

It is assumed that external moments and forces acting on a structure will 
be determined on the basis of the theory of elastic displacements. On the 
basis of this assumption stresses will remain within the elastic limits under 
service loads when proper load factors are used. For simple beams, the 
ultimate capacity equals the computed capacity. For indeterminate struc- 
tures, the maximum moments at various sections are due to different load 
arrangements. Therefore, the maximum load capacity of a structure may be 
considerably greater than that indicated by the capacity at one section be- 
cause of redistribution. 

Reasons for ultimate strength design 

The advantages resulting from design of structures for ultimate strength 
may be summarized as follows: 

(a) As ultimate load is approached stress and strain are not proportional 
Therefore, the elastic or straight-line theory does not give a reliable prediction 
of the ultimate strength of a section. Under some circumstances, the ulti- 
mate strength may be more than 50 percent greater than that computed 
by the straight-line theory. It follows that the actual factor of safety cannot 
be determined by the straight-line theory. This deficiency is eliminated by 
ultimate strength design. 

(b) Dead load is a determinate quantity that generally remains unchanged 
during the life of a structure, but actual live loads are less predictable quan- 


tities beyond the designer’s control. Therefore, it is unreasonable to apply 


the same load factors to dead and live loads. Ultimate strength design con- 
veniently permits the use of different factors which results in a more uni- 
lormly consistent factor of safety for live load. 
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(c) Conventional column design is a modified ultimate strength procedure 
whereas the straight-line theory is used for design for simple flexure. It js 


unavoidable, therefore, that various inconsistencies occur in design of sec- 
tions subject to both axial load and bending. Designing all types of members 


on the basis of ultimate strength results in consistency in the design p 


cedures. 

(d) A better evaluation of the critical moment-thrust ratio for members 
subject to combined bending and axial load is obtained by ultimate strengt! 
design procedure. In many structures, as arches and multiple story frames 
the thrust may be due largely to dead load while moment is created primarily) 
by live load. By the use of different overload factors for each type of load, 
the ultimate strength procedure permits consideration of an increase in live 
load and thereby moment without a corresponding increase in the dead 
load or thrust. The combination resulting from this consideration may be 
more critical than that produced by the same increase in both dead load and 
live load. 

(e) For prestressed concrete it is necessary that design recommendations 
include investigation of ultimate strength to determine the factor of safety 
since at high loads, stresses do not vary linearly. The straight-line theory is 
therefore not applicable so the ultimate strength theory must be used. 


General requirements 

(a) In design of members by ultimate strength theory, the American Con 
crete Institute ‘“‘Building Code Requirements for Reinforced Concrete”’ apply 
except where otherwise provided in this report. 

(b) Analysis of indeterminate structures such as continuous bridge girders 
and arches should be based on the theory of elastic displacements. For build- 
ings of usual types of construction, spans, and story heights approximate 
methods such as the use of coefficients recommended in the ACI Building 
Code are acceptable for determination of moments, shears, and thrusts. 

(c) Bending moments in compression members should be taken into ac 
count in the calculation of their strength. 

(d) In structures such as arches the effect of shortening of the arch axis 
temperature, shrinkage, and secondary moments due to deflection should be 
considered. 

(e) Attention should be given to the deflection of members, including the 
effect of creep, especially whenever the net ratio of reinforcement which 1s 
defined as (p — p’) or (py — py) in any section of a flexural member exceeds 
O.18f.' /fy. 

(f) Controlled concrete should be used and should meet the following 1 
quirements. The quality of concrete should be such that not more than on 
test in ten should have an average strength less than the strength assumed | 
the design and the average of any three consecutive tests should not be les 
than the assumed design strength. 


Not less than one test should be made for each 250 cu yd of concrete, 
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h day’s work, for each class of concrete, and for each change of supplier or 
irce of material. Each test should consist of not less than three standard 
inders made, cured, and tested in accordance with ‘‘Method of Making 
d Curing Concrete Compression and Flexure Test Specimens in the Field’”’ 
ASTM C 31) and ‘Method of Testing for Compressive Strength of Molded 
merete Cylinders” (ASTM C 39). 
Where there is question as to the quality of the concrete in the structure, 
e engineer (architect) may require tests in accordance with ‘Methods of 


The 
il 


Securing, Preparing and Testing Specimens from Hardened Concrete for 
Compressive and Flexural Strengths’”’ (ASTM C 42) or order load tests of 
that portion of the structure where the questionable concrete has been placed. 


Assumptions 
The design of reinforced concrete members is based on the following assump- 
tions: 
1. Plane sections normal to the axis remain plane after bending 
Tensile strength in concrete is neglected in sections subject to bending. 


9 
9 
». 


At ultimate strength stresses and strains are not proportional and the distribution 
of compressive stresses in a section subject to bending is nonlinear. The diagram of 
compressive concrete stress distribution may be assumed a rectangle, trapezoid, para- 
bola, or any other shape which results in ultimate strength in reasonable agreement with 
tests 


$. Maximum fiber stress in concrete does not exceed O.85f, 


Load factors 
The following terms are used in the load factor equations: 
(’ = ultimate strength of section 
B = effect of basic load consisting of dead load plus volume change due to plastic and 
elastic actions, shrinkage, and temperature 
= effect of live load plus impact 
= effect of wind load 
= effect of earthquake forces 
= load factor equal to 2 for columns and members subjected to combined bending 


and axial load, and equal to 1.8 for beams and girders subjected to bending only 

Members should be proportioned so that (1) they should be capable of 
carrying without failure the critical load combination given below, thereby 
insuring an ample factor of safety against an increase in live load beyond 
that assumed in design; and (2) the strains under working loads should not 
be so large as to cause excessive cracking. These criteria are satisfied by the 
following formulas. 

For those structures in which, due to location or proportions, the effects of 
wind and earthquake loading can properly be neglected: 

(7 = 1.2B + 2.4L 

U=K(B+L) 

For those structures in which wind loading should be considered: 

U = 12B + 241 + 0.6W 

U = 128 + 0.6L + 2.4W 

U=K(B+L+W/2) 

U=K(B+1L/2+W) 
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<i Fig. 3—Distribution of stress 
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For those structures in which earthquake loading should be considered 
substitute EF for W in the preceding equations. In case there is doubt as to 
the importance of wind or earthquake loading it can be tested by making a 
trial calculation using these equations. 


Rectangular beams with tensile reinforcement only 

As the ultimate capacity of a section to resist moment and thrust is ap- 
proached, the distribution of compressive stresses assumes a shape such as 
that shown in Fig. 3. However, any idealized shape such as rectangular, 
trapezoidal, or parabolic may be used in design provided that good agreement 
is obtained with ultimate strengths measured in comprehensive tests. 

The ultimate capacity of an under-reinforced section is approached whe: 
the tensile steel begins to yield. The steel is then assumed to elongate plas- 
tically at its vield point stress, thereby reducing the concrete area in com- 
pression until the concrete crushes at its ultimate strain. Because of the 
initial yielding of the steel, the ultimate strength so obtained is considered 
to be controlled by tension. 

The equations for the ultimate strength of a section are based on the two 
equations of equilibrium: (1) the sum of internal stresses equals the external 


axial force, and (2) the moment of the internal stresses equals the external 
moment. For rectangular under-reinforced beams, in which the strength is 
limited by tension in the steel, the ultimate resisting moment is given by 


ky Phy 
M, = A,jf,jd{ 1 — — x ns 
k 0.85 f.’ 


in which 


= area of tensile reinforcement 

= yield point stress of steel or 60,000 psi. The smaller of the two values should be 
used 

= distance from extreme compressive fiber to centroid of tensile reinforcement 
ratio of distance between extreme fiber and resultant of compressive stresses to 
distance between extreme fiber and the neutral axis, or ratio of distance between 
extreme fiber and resultant of compressive stresses to height of equivalent stress 


block 
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= ratio of the average compressive stress to 0.85f.’ 
ratio of reinforcement, A,/bd 
= 28-day cylinder strength 
= width of beam 
[he ratio k2/k, depends on the assumed distribution of compressive stresses. 
It equals 4 for rectangular distribution, 2/3 for triangular distribution. The 
nputed ultimate moment should not exceed the value given by 


0.59 pf, 
My = spat ~ ee ‘) 
/ 


which ean be restated as 

V = f. 4 bd? q | 1 — 0.59q) 
in which the parameter q = pf,/f.’ 

In Eq. (2a) the maximum ratio of reinforcement should be limited to 

0.40* f.’ 
org = 0.40* 
iP 

his limiting value of p is about 0.9 of that required to develop the full com- 
pressive strength of the section. 


Rectangular beams with compressive reinforcement 


Stresses in compressive reinforcement at ultimate strength may be assumed 


equal to the yield point stress or 60,000 psi whichever is the smaller. The re- 
sisting ultimate moment should not exceed 


0.59 (p yf 
Me = (A, a i. Mood |. Por 


in which p — p’ should not exceed 0.40*f,’ f, and 
1,’ = area of compressive reinforcement 
p = ratio of compressive reinforcement = A,’, bd 


distance from extreme fiber to centroid of compression steel 


T-beams 


When the flange thickness equals or exceeds the depth to the neutral axis 
given by the formula k,d=1.30 pfd/f.’ = 1.30 gd, or the depth of the 
equivalent stress block (1.18¢d) the section may be designed as for a rec- 
tangular beam by Eq. (2a) or (2b), with p computed as for a beam with a 
width equal to the over-all flange width When the flange thickness is less 
than kd, or less than the depth of the equivalent stress block the resisting 
moment may be taken as 


0.59 (p ) 
Mo =(A ia ae 


in which A,; = steel area necessary to develop the compressive strength of 
the overhanging portions of the flange. 


i he coefficient 0.40 is to be reduced at the rate of 0.025 per psi concrete strength in excess of 5000 ps 
rrection for concrete area displaced by compressive reinforcement ma be counted for by subtractir 
0.85/.’ from f. 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Januar 


= 0.85 f ‘(bh b’) it {P = A, hd 
= flange thickness = A,/b'd 
= over-all width of flange , = A,,/b'd 
= width of web 
In Eq. (5) the value of (p,. — py) should not exceed 0.40*f,’f,. 
In T-beam construction, the effective flange width on either side of the 
should not be taken greater than six times the thickness of the slab. 


Concentrically loaded short columns 

For concentric loads, the maximum load capacity, P., is 

P, = 0.85 f.' (A la) + Ate 
in which 

A, = the gross area of the section 

1,, = cross-sectional area of all the bars 

However, all members subject to axial loads should be designed for a mini- 
mum eccentricity. For spirally reinforced columns the minimum eccentricits 
measured from the centroidal axis of column should be taken as 0.05 times 
the depth of the column section. For tied columns the minimum eccentricity 
should be taken as 0.10 times the depth. 


Combined bending and axial load 
Rectangular section—The ultimate strength of members subject to combined 

bending and axial loads should be computed from the usual two equations of 

equilibrium, which when k, is less than unity may be expressed as follows 
P, = 0.85f.' bdkki + Ay'f,t — Aef 7 


7 


Pye = 0.85 f.’ bd? kk (1 — —-kuk:) + A,’ fypt d (1 — d’/d) 


in whic 

P,, = axial load on the section 

¢ eccentricity of the axial load measured from the centroid of tensile reinforcement 

‘, = stress in the tensile reinforcement which equals f, when tension controls ultimat: 

strength, but is smaller than f, when compression controls 

k,d = distance from extreme fiber to neutral axis 

In the above equations k:/k, should not be taken as less than 0.5 and 
not greater than 0.85. When the maximum concrete strain is limited to 
0.003 and the modulus of elasticity of the reinforcement is assumed at 30 X 
psi, Eq. (7a) indicates that the section is controlled by tension when 


7 90,000 
r. < P, = 0.72 ( -) fe 1 A fe A a 
/ 


90,000 + 
When P,, is less than the value given by Eq. (8), f, = f, and taking into 
count area displaced by the compressive reinforcement, Eq. (7a) and 
reduce to 


‘ 


P.,, = 0.85 f.' bd ! p’ m’ + | 
“ ' 


+vyi(l- + 2 | (« d)(pm — p’ m') +p’ m’ (1 -—d d))} 


*The coefficient 0.40 is to be reduced at the rate of 0.025 per 1000 psi concrete strength in excess of 5000 

Correction for concrete area displaced by compressive steel area may be accounted for by subtracting 
from fy ” 

tThe coefficient 0.85 and 0.72 is to be reduced at the rate of 0.05 and 0.04. re spectively, per 1000 psi 
strength in excess of 5000 psi 
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hich 
= f,/0.85f.’ 
mi l 
For symmetrical reinforcement, Eq. (9) reduces to 
P, = 0.85f.’ ld \— p+ 1—e/d+wy(l — e/d 


With no compression reinforcement, Eq. (9) reduces to 


epm 
9 


og = 0 85 f : bd - pi + l ‘ d T \ { l t d T - 


a 
When P,, exceeds the value given by Eq. (8) the ultimate capacity of member 
s controlled by compression. For this condition, a linear relationship be- 
tween axial load and moment for values of P,, between that given by Eq. (8 
and a concentric load may be assumed. For this range the ultimate axial 
load may therefore be computed from 

p 


(= 
1 + 

P, 
which 


= eccentricity measured from plastic centroid of section 


P, = 


= eccentricity of load P, measured from plastic centroid of section 
Plastic centroid = centroid of transformed section assuming steel stressed to yield 


é 


point and concrete stressed at 0 85 f. 
When the ultimate capacity of a member is controlled by compression, 
symmetrically reinforced or unsymmetrically reinforced members, Eq. (13 
’ hg 4 bt f 
P. = + 13 
e/(d — d’) 3t(e — 0.5t 4 
dad? 
may be substituted for Eq. (12) 
Circular section—The strength of a member of circular cross section sub- 
ject to combined bending and axial loads may be computed on the basis of 
the equations of equilibrium taking into account inelastic deformations or by 
the partially rational and partially empirical formulas (14) and (15 
hota 
9.6 De’ 
(O.8D + 0.67d 


O.85 « 2 
P, = 0.85D? f.’ —- 0.377 + 
ns ( D 


1 which 
D = diameter of the column 
{ = diameter of circle circumscribing the reinforcement 


re 


e’ = the eccentricity of axial load measured from centroid of section 
Slender members—When the unsupported length, L, of an axially loaded 
member is greater than 15 times its least lateral dimension d, either 
1. The effect of the slenderness on the ultimate capacity should be 
taken into account by stability determination with an apparent re- 
duced modulus of elasticity used for sustained loads. A numerical pro- 
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Fig. 4—Ultimate bending moment for rectangular beams 
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cedure as that recommended in the report of ACI Committee 312, 
“Plain and Reinforced Concrete Arches,” ACI Journat, May 1951, 


may be used. 


Sa ee ne ee 


2. The maximum axial load P,,’ should be restricted to 


P,' = P, (1.6 — 0.04L/d) (16) 
in which P, is the maximum concentric load capacity of the section 


with L/d less than 15. 


Shear and bond—Because of the studies and experimental investigations 
ow underway for the joint ACI-ASCE committee on shear and diagonal 
tension and for the ACI committee on bond stress no tentative recommenda- 
tions regarding the ultimate strength of reinforced concrete members in these 


two items are proposed at this time. 


DESIGN AIDS 


To expedite the proportioning of sections by ultimate strength theory, a 
series of charts has been prepared. Fig. 4 enables a designer to determine 
either the percentage of reinforcement required after a section has been 
chosen or the depth of beam for a given percentage of reinforcement and 
width of beam. In the first case, the chart is entered from the left side with 
a calculated value of M,, bd?. This value is extended to the cylinder strength 
chosen. The intersection is then extended vertically upward to the steel 
strength used. The percentage of reinforcement is read at the right hand 
margin. For determining the depth required for a given moment, the direc- 
tion is reversed. 

There are several ways of using the design chart in Fig. 5. One way is to 
enter chart with a value of P,/f.’bd and proceed horizontally to a value of 
pm — p’'m which for symmetrical reinforcement equals 0. From this inter- 
section proceed vertically to the calculated value of P,e/f.’bd? and then hori- 
d). From 





zontally to the right margin and read the value of p’m (1 d’ 
this value the amount of compression and tensile reinforcement can be ob- 
tained. 

The next four charts of Fig. 6 are applicable to symmetrically reinforced 
rectangular columns. The intersection of the values of P,/f./bt and Pe’, f./bt? 
gives the required amount of reinforcement. 

In Fig. 7, ultimate strength curves as computed by three different methods 
have been plotted. It should be noted that the parabolic distribution gives 
somewhat more conservative values than the trapezoidal distribution. The 
values obtained by rectangular stress distribution as computed by Eq. (13 
plot between the values given by the assumed trapezoidal and parabolic 
distributions when the ultimate capacity is controlled by compression. The 
lower portion of the moment-thrust curve for the rectangular and trapezoidal 


distributions coincide. 
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Fig. 5—Ultimate capacity for rectangular members subject to combined bending 
and axial load, and controlled by tension 
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ULTIMATE STRENGTH DESIGN 








-Centroidal 






























































Fig. 7—Comparison of ultimate strength indicated by various methods 
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Title No. 52-31 


Design and Construction of Heavy-Duty Airfield 
Pavements at Edwards Air Force Base’ 


By ROBERT J. SHULTZ and ROBERT B. FATHERSON} 


SYNOPSIS 


Flight testing and proving modern military aircraft at Edwards Air Force 
Base required a runway 300 ft wide and 15,000 ft long. The airfield will re- 
quire ultimately the construction of approximately 2,000,000 sq yd of heavy- 
duty pavement. 

The runway pavement was designed for a 500,000-lb airplane, the load to be 
carried by four sets of dual wheels. Minor service taxiways were designed 
for a 100,000-lb gear load and hangar floors for an 80,000-lb gear load. Addi- 
tional criteria required the 500-ft end sections of the runway be constructed 
with heat-resistant concrete and that the pavement have an extremely uniform 
and true finished surface. 

Slabs 17 and 19 in. thick constructed to uniform longitudinal grades and 
extremely flat transverse slopes represent the major design features. Design 
and construction of the runway is described. 


INTRODUCTION 


Flight testing and proving of modern military aircraft require exceptional 
facilities. One of these facilities is Edwards Air Force Base near Rogers 
Dry Lake, about 100 miles north of Los Angeles. Its most important feature 
is a new runway 300 ft wide by 15,000 ft long. The airfield will require ulti- 
mately the construction of approximately 2,000,000 sq yd of heavy-duty 
pavement—a quantity sufficient for nearly 150 miles of divided highway 
having pavements 24 ft wide and 9 in. thick, or about 1/5 the quantity of 
concrete in Hoover Dam. 

Late in 1947, the United States Air Force asked the Los Angeles Engineer 
District to proceed with planning and initial design of the 15,000-ft runway. 
Preliminary work included flight testing of the proposed alignment and 
extensive investigations of soil conditions and construction materials. Lab- 
oratory tests determined behavior characteristics of the soils and physical 
properties of aggregates proposed for the construction. 


In July, 1952; Air Force directives were received authorizing final design 


of the 15,000-ft runway, a connecting taxiway, a warm-up pad and a parking 
apron, representing about 40 percent of the ultimate project. The 15,000-ft 


*Presented at the ACI Seventh Regional Meeting, Los Angeles, Calif., Oct. 29, 1954. Title No. 52-31 is a part of 
copyrighted JouRNAL OF THE AMERICAN CONCRETE INsTiITUTE, V. 27, No. 5, Jan. 1956, Proceedings V. 52 Separate 
prints are available at 50 cents each. Discussion (copies triplicate) should reach the Institute not later than May 1, 
1956. Address 18263 W. MecNichols Rd., Detroit 19, Mich. 

TSupervising Engineers, Los Angeles District, Corps of Engineers, Department of the Army, Los Angeles, Calif 
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runway Was to have a straight longitudinal grade throughout its entire leng 
and the transverse grade was held to the absolute minimum required 
adequate drainage. The pavement was to be designed for a 500,000-lb a 
plane carried on four sets of dual wheels. Two sets of the duals were located 
in the foresection and the aftsection of the aircraft fuselage, respective!) 
Minor service taxiways were to be designed for a 100,000-lb gear load, and 
hangar floors for an 80,000-lb gear load. Additional criteria required (1) that 
the 500-ft end sections of the runway be constructed with a heat-resistant 
concrete and (2) that the pavement have an extremely uniform and tru 
finished surface. 


DESIGN 


Because of the special test nature of this facility, portland cement concrete 
was specified for the pavement. Stress analysis for rigid slabs under load in- 
volves complicated mathematical formulas. Analyses by the late H. M 
Westergaard together with experience records from several test tracks formed 
the basis for the design curves used by the Corps of Engineers. Although the 
design load indicated above exceeded the maximum loads listed in the Engi- 
neering Manual, special design curves and analyses were made available by the 
Office, Chief of Engineers. These curves are based on Westergaard’s analysis 
for loading of the free edge of a slab. Westergaard’s equations* (or their 
graphical representation by Pickett and Rayf as Influence Chart 6) give the 
stress at a free pavement edge for a wheel load near the edge. In the present 
case, the maximum edge stress is produced when the axles of the wheels 
shown in Fig. 1 are normal to the edge, with the outside edge of one outsid 
tire along the slab edge. For solution of the formulas, the modulus of elas 
ticity of concrete is assumed to be 4,000,000 psi, and Poisson’s ratio u is 0.20. 


The primary design work remaining consisted of determining (1) represen- 
tative subgrade bearing values (2) and flexural strengths, and (3) selecting 
geometric features that would provide minimum construction costs. Field 
investigations consisted of sampling the soil at about 500-ft intervals along the 
alignment of the runway, taxiways, and apron, and construction of a test fill 
Representative bearing values were determined by field plate bearing tests 
Laboratory tests were performed to establish the bearing characteristics o! 
the native soil when compacted to various moisture contents and densities. 

A mountainous rock outcrop on the east edge of Rogers Dry Lake, about 7 
miles east of the center of the 15,000-ft runway, was tested and preved to be 
a possible source of concrete aggregate. Limited data on concrete flexural! 
strengths were available from previous construction and from test beams 
constructed from materials obtained from the most likely aggregate source: 
in the area. Fig. 2 shows composite flexural strength versus time curves 
used to arrive at a design flexural strength representing what could probably 
a ~- eee H. M., “New Formulas for Stresses in Concrete Pavements of Airfields,"’ Transactions, ASCE, \ 


tPickett, Gerald, and Ray, G. K., ‘Influence Charts for Concrete Pavements,’ Transactions, ASCE, V. 116, 195 
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Fig. 2—Flexural strength versus age of concrete 


be obtained during construction from contractor-furnished aggregates and 
the specified job concrete mix. The curves are relative only, and show pri- 
marily the uniformity of the strength increase from 28 to 90 days. This 
design procedure was adopted to allow the contractor free rein to develop 
his own aggregate sources. Actual concrete flexural strengths, therefore, could 
not be determined until mix proportions were obtained for aggregates 
produced from the contractor’s job batch plant. Based on the information 
shown on these curves and from data on physical characteristics of aggre- 
gates tested, a 28-day concrete flexural strength of 640 psi was selected for 
the design. Current criteria require that 90-day strength be used for selecting 
pavement thickness. 

Final design of the runway called for a 0.14 percent longitudinal grade 
with transverse slopes of 14 percent. The taxiway and parking apron were 
designed with 1 percent transverse slopes, all longitudinal grades being less 
than 4 percent. The tentative slab design thickness was 18 in. for the park- 
ing apron, major taxiways, warm-up pads, 1000-ft end sections of the runway, 
and the center 500 ft of the runway where a major taxiway is joined to the 
runway. For the remainder of the runway the design thickness was 16 in. 
Construction lanes were all laid out 25 ft wide with transverse centraction 
joint spacing at 25 ft. Longitudinal construction joints were of the keyed 
type except that tie bars were added at the first joint in from an exterior 
edge. The tie bars were 54-in. deformed ‘bars, 48 in. long, spaced at 24-in 
centers. For the 100-ft taxiways with four 25-ft construction lanes, dowels 
were provided along the center longitudinal construction joint. Dowels were 
specified as 114-in. round smooth bars, 20 in. long, spaced at 18-in. centers. 
Transverse construction joints were also doweled, and similar to those de- 
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ribed above. A special feature of the design was the requirement that all 

unsverse contraction joints be sawed. This was done to insure a more 

ymogenous concrete in the immediate vicinity of the joint, and to provide 
smoother surface at the joint. 

The runway contained no transverse expansion joints in the entire 15,000- 
't length. There were, in fact, only two transverse expansion joints in the 
ver-all job. These joints, both 100 ft long, were at the two major angle 
points where the long diagonal taxiway joins the runway and the parking 
apron. The following theoretical studies show the combined effect of initial 
shrinkage of the concrete, drag of slab over the subgrade, and compressive 
stresses under maximum temperature conditions. 

Assumed or given data: 


Initial shrinkage = 1 in 7500 Modulus of elasticity = 4,000,000 psi 
Placing temperature = 65 F 
Maximum temperature at slab = 135 F 
Linear coefficient of thermal 


Coefficient of subgrade friction = 1.5 
Slab size = 25 ft x 25 ft x 18 in 
expansion = 0.0000080 in. per in Weight of concrete = 150 |b per cu it 
Net expansion (unrestrained) between centerlines of slabs = 25 & 12 & 0.0000080 
F ne 25 X 12 tial 2. ed 0 ee 
xX (135 — 65) — —— = ().128 in. in 25 ft 
7500 


Unit stress (relieved by subgrade drag) on cross section of slab 


0.128 25 X 25 & 18 X 150 X 1.5 
= { — x 4,000,000 ) — 
25 X 12 i2 x 25 x 12 x 18 


= 1707 — 39 


= 1668 psi 


It is reasonable to assume that the slab will have developed a compressive 
strength of well over 2000 psi before it can possibly be subjected to this maxi- 
mum stress. It would therefore be safe against crushing under stresses in- 
duced by maximum desert temperatures. 

Fig. 1 shows pavement design curves for the loads, flexural strengths, and 
subgrade conditions actually encountered on the job. It will be noted that 
a variation in subgrade modulus frém 200 to 400 will decrease the slab thick- 
ness about 1 in. Likewise, a variation in flexural strength from 600 to 680 
psi will decrease the slab thickness by 1 in. Thus a combination of a relatively 
high flexural strength with a relatively low subgrade modulus or vice versa 
will tend to offset each other. However, if flexural strength and subgrade 
modulus are both high or both low, the design can easily be in error approxi- 
mately 1 in. in thickness. One in. of concrete (at $0.35 to $0.40 per sq yd 
per in. of thickness) amounts to a considerable cost in 811,000 sq yd, the 
amount of pavement in the first construction contract. 

Table 1 shows actual design thicknesses for the various subgrade moduli 
and flexural strengths. Purpose of this study is to show the effect of varying 
the several factors entering into the design, and to select an over-all design 
for the specified loads that will fit standard concrete form sections. The 
break in changing from one slab thickness to another is made at the quarter- 




















JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


TABLE 1—SUMMARY OF SLAB DESIGN THICKNESS 


K— 400 


January 1 





GEAR LOAD 


SLAB THICKWESS— INCHES 





FLEXURAL STRENGTH- PS| 





600 


620 


640 


660 


680 





80,000 


13.50": 14. 


13.23": 13' 


12.96": 13" 


12:70°s 13" 


12.45": 


13" 





100,000 


15.56": 16. 


15.18": 15" 


14.83"=15_ 


14.48"215" 


14.49": 


15" 





125,000 








17 75": ig" 





17 37": ig" 





16.97°=17" 





16.58":17" 


16.31": 





17" 





K- 350 





GEAR LOAD 


SLAB THICKNESS — INCHES 





FLEXURAL STRENGTH- PS. 





600 


620 


640 


660 


680 


— 





80,000 


13.66" 14" 


13.35": 14" 


13.10": *. % 


12.82°=|3" 


12.65": 


13" | 





100,000 


15.83": 16" 


15.46": i6" 


15.10": 15" 


14.75": 15" 


14.48": 


15" 





125,000 








18.10"= 1g" 


1769" 198" 








17 30": ig" 





16. 91"=-17" 


16.61": 





\7"| 





K-— 300 





GEAR LOAD 


SLAB THICKNESS— INCHES 





FLEXURAL STRENGTH- PSI. 





600 


620 


640 


660 


680 





80,000 


13.83": 14" 


13.55": 14" 


13.27": 14" 


13.02: 13" 


12.88": 


3" 





100,000 


16.10"= 16" 


15.74": 16" 


15.36": 16" 


15.03": 15" 


14.74": 


15" 





125,000 


18.43": 19" 








18.04": 18" 





17 63": 1g" 





17.25’: 18" 





16.90": 


17" 








K- 250 





GEAR LOAD 


SLAB THICKNESS — INCHES 





FLEXURAL STRENGTH - PS... 





600 


620 


* 640 


660 





80,000 


14.18"= 14" 


13.93": 14" 


13.67°= 14" 


13.40: |4" 





100,000 


16.46": 17" 


16.08": 16" 


15.712 16" 


15.36": 16" 





125,000 


18.81"= 19" 








18.41 "= 19" 





18.02": 18" 





17.68": ig" 








K—200 





GEAR LOAD 


SLAB THICKNESS—- INCHES 





FLEXURAL STRENGTH- PS. 





600 


620 


640 


660 


680 





80,000 


14.51': 15" 


14.25": | 4" 


14.00": |4" 


13.73 "= 14" 


13.47": 


14" 





100,000 


16.80": |7" 


16.43": 17" 


16.07": 16" 


1§.72= 16" 


15.40": 


is" 





125,000 








19.19": 19" 


18.80": |9" 








18.40"= |9" 





18.05": 18' 


17 60": 





18" 
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it of the thickness increment. For example, any design condition that 
ls for a slab thickness between 10 and 10.25 in. is arbitrarily cut back to 10 

while any thickness above 10.25 in. is arbitrarily increased to 11 in. 
Results of tests by the Ohio River Division Laboratory on samples of the 
merete made from project aggregates showed ‘‘very good’? thermal shock- 
sistant properties. Thus, importation of special heat-resistant aggregates 
or the end sections of the runway was not necessary. 

Probably one of the most important problems in an airfield design of this 


scope is that of transportation. Selection and manufacture of aggregates is 


primarily a transportation problem. Likewise, the geometric design involves 
transportation, in that grades are established to meet fixed slope conditions 
in such a manner as to require a minimum amount of excavation and haul. 
Joint patterns are established that will require the minimum amount of move- 
ment by concrete placing and finishing equipment. Keyway dimensions 
are made uniform for all slab thicknesses used on the job, as are dowel and 
tie bar details. 


CONSTRUCTION 

Aggregate source 

The contractor, R. A. Westbrook, Morrison-Knudsen Co., Inec., and the 
Ford J. Twaits Co., operating as a joint venture, elected to develop an aggre- 
gate source about 1 mile northwest of Littlerock, Calif., or about 30 miles 
south and west of Edwards Air Force Base. Aggregates from the contrac- 
tor’s batch plant were shipped to the South Pacific Division Laboratory, 
Sausalito, Calif., for determination of their physical properties and develop- 
ment of conerete mix proportions. Laboratory tests showed that the aggre- 


TABLE 2—PHYSICAL PROPERTIES OF LITTLEROCK CREEK AGGREGATES 


Gradation 


Coarse aggregate 
Combined grading ‘ Grading 


100 
79 
63 
17 
3] 
20 
10 
0 


Bulk specific gravity (SSD) and absorbtion 


Size Specific gravity Absorption, percent 
144-3 in. 2.69 0.7 
4-1 in 2» 69 O8 
No. 4-% in 2.69 OR 
Sand 2.67 0.9 


Los Angeles abrasion test, Class A, 500R——36.9 percent loss in weight 
Mortar strength (ratio of sample to Ottawa sand 1.35 

Decantation, percent passing No. 200 sieve—2.7. 

Organic impurities, colorimetric test—No. 2 

Soundness test, magnesium sulfate, 5 cycle—coarse aggregate 
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Fig. 3—Batching plant for 
paving materials 


ed ee 


J 


gate was a weathered granite with grain sizes varying from medium coarse 
to fine with considerable mica and hornblende. The primary and secondary 
crushing of this material produced approximately 60 percent crushed particles 
General physical properties of these aggregates are shown in Table 2. 
Batching and concreting 

The contractor set up a double dry-batch plant near the west end of the 
runway. Aggregates were stockpiled by a truss-mounted conveyor belt with 
the low end of the belt pivoted under the dump ramp, and the elevated end 
traveling on a semi-circular track. Coarse aggregates. were stockpiled in 
three sizes: No. 4 to %4-in. rock, 34-in. to 1%-in. rock, and 1%-in. to 3-in 
rock. All stockpiles were centered over tunnels. Belt conveyors through the 
tunnels moved the aggregates to the top of the batch plants. Chute gates in 
the top of the tunnels were set at openings such that aggregates were de- 
livered to conveyor belts in proportions required for the mix. From the 
top of the batch plants, aggregates were rescreened into the proper bins. Fig 
3 shows the general layout of the batch plants which were set to produce a 
1.39-cu yd batch. Automatic recording devices registered the amounts of 
aggregate material in each batch. Cement quantities for each batch were 
recorded separately. The design mix used on the bulk of the work is shown 
on Table 3. 


Fig. 4 shows the finished subgrade immediately ahead of concrete placing 
operations, form and steel tie bar details, and the low-slump concrete being 


TABLE 3—CONCRETE MIX PROPORTIONS 
Mix for 1-sack batch 


Materials Weight, lb Specific gravity Absorption, percent 


Cement 94 
Sand 164 
No. 4—34-in. 114 
34 1 ¥4-in. 135 
114-3-in. 160 


67 
69 
69 
69 


to bo tN bt 


Theoretical cement factor: 6 sacks per cu yd 

Actual cement factor: Based on 4 percent air on — 1%4-in. aggregate—5.81 sacks per cu yd 
Water-cement ratio: 4.5 gal.{per sack 

S/A Ratio: 28.8 (by volume) 





HEAVY-DUTY AIRFIELD PAVEMENT 


4—Subgrade, pavers, 
and spreader 


Fig. 5—Vibrators consoli- 
dating pavement concrete 


struck off by the spreader. Fig. 5 shows how the concrete was consolidated 
by vibrators carried on the rear edge of the spreader. The special trans- 
verse screed leveler and tamper, the next piece of equipment back of the vi- 
brators, appears in Fig. 6. The longitudinal float is immediately back of the spe- 
cial leveler machine. Fig. 7 shows the final finishing operation, particularly 
hand finishing and the “burlap drag” finish. A pigmented curing com- 
pound was applied to the concrete surface after the final finishing operation 
had been completed. The 16-blade saw machine (Fig. 8) for cutting trans- 
verse contraction joints is the last piece of paving line equipment. The small 
number of workmen required to keep the paving operation moving along 
at a fast pace will be noted. Sawing of contraction joints contributed ma- 


terially to the reduction in the number of workmen required for the paving 
operation. The contractors placed about 2200 to 2500 cu yd, or about 1800 
lineal ft of 17 in. thick 25 ft wide pavement, per 10-hr day. 


Fig. 6—Transverse finisher 
and longitudinal float 
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Fig. 7—Final finishing oper- 
ations 


Beam test results 

Fig. 9 shows strength versus age for field beams molded concurrently with 
the concreting of the regular slabs. The rather low rate of increase in flexural! 
strength beyond the 28-day values for the 9x 9-in. beams will be noted 
Based on the 9x 9-in. beam data, it was decided to increase the tentative 
design thicknesses by 1 in. Strength data on the two beam sizes indicate 
that the 9x 9-in. beams do not give a reliable picture of actual ‘‘in-place’’ 
concrete flexural strengths. Current criteria require the design to be based on 
6 x 6-in. beam strengths. 


Mix proportions 

The concrete mix used on the major portion of the construction is shown 
in Table 3. Flexural strengths shown by the curves in Fig. 9 are for concrete 
made from this mix. About the last 20 percent of the slabs were constructed 


from a concrete based on a cement factor of 5.5. Flexural strengths of field 


beams molded from concrete with the 5.5 cement factor are about 8 percent 
less at 90 days than those obtained from the richer mix. The curve for the 


Fig. 8—Concrete saw rig for 
cutting transverse contrac- 
tion joints 





HEAVY-DUTY AIRFIELD PAVEMENT 


— 3" MAX. AGGREGATE (WITH THE LARGE ROCK WET SCREENED 
OUT ON & 2" SIEVE) 6" X 6" BEAMS 


+ 3" MAX. AGGREGATE 9" X 9" BEAMS 
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AGE IN DAYS 


Fig. 9—Relation of flexural strength to age of concrete 


5.5 sack (theoretical) mix is in close agreement with the curves shown in Fig. 
9, particularly as regards the rate of increase. Results of breaks of beams 
constructed in the laboratory with project aggregate and cement factors of 
6.00 and 6.64 sacks per cu yd indicate little difference in the flexural strengths. 
Apparently, for the conditions encountered on this job, the structural and 
physical properties of the rock were the predominant factors controlling 
concrete strength. 

Table 4 shows in summary form the ratios between flexural strengths at 
designated times, for both 6x 6-in. wet-screened and 9x 9-in. beams. It 
also indicates the ratios between the two sizes of beams. Attention is invited 
to the great number of beams and test data being obtained as a result of this 
pavement construction, and the consistency of the results. 

Sawed joints 

Experience with sawed contraction joints on airfield pavements has in- 
dicated that no definite time can be specified for the start of sawing opera- 
tions. Time of sawing is affected by several variables such as mix charac- 


teristics, air and concrete temperature during placement, rate of tempera- 


ture change following placement, curing procedures, humidity, and wind 
velocity. To control shrinkage cracking in a slab by sawing contraction 
joints, it is necessary to maintain constant vigilance and adjust sawing times 
to fit changing conditions. It was observed that sawing time on these 17- 
and 19-in. slabs was somewhat less critical than on thinner slabs. A detailed 
survey of the completed slabs indicated about 200 lineal ft of uncontrolled 
transverse contraction joint cracking out of a total of over 310,000 lineal ft of 
transverse contraction joints in the job. 
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TABLE 4—BEAM STRENGTH RATIOS 


9 x 9-in. beams, 6 x 6-in. beams 
W/C = 4.5 gal., per sack wet screened 
CF = 5.81 sacks per cu yd actual W/C 4.5 gal., per sa 
CI 5.81 sacksfperfeu yd a 
Age, days i4 28 90 14 
No. of beams 183 243 81 387 
Average flexural strength, psi 467 521 540 584 


Ratio, 14- to 28-day strengths : 38 
Ratio, 28- to 90-day strengths 1.04 
Ratio, 14- to 90-day strengths 1.16 


Strength ratios, by beam sizes 


Ratio, 14-day (6 x 6-in. beams) to 14-day (9 x 9-in. beams) 
Ratio, 28-day (6 x 6-in. beams) to 28-day (9 x 9-in. beams) 
Ratio, 90-day (6 x 6-in. beams) to 90-day (9 x 9-in. beams) 


SUMMATION 


Slabs 17 and 19 in. thick, constructed to uniform longitudinal grades and 
extremely flat transverse slopes, represent the major design features of this 
project. Major construction accomplishments included the transporting of 
about 800,000 tons of aggregate over an average haul distance of 30 miles, and 
mixing and placing 811,000 sq yd of concrete pavement to rigid specification 
requirements, all this in about 170 working days. The result is an airfield 
with pavements capable of supporting the heaviest airplane now planned. 


Design problems needing further analysis are temperature-shrinkage rela- 
tionships for thick concrete slabs and more correlation between laboratory 
and field beam strengths and actual in place strength of concrete slabs. 


From consideration of construction problems, it appéars that longitudinal 
construction joint construction practices are lagging behind improvements in 
other features of slab construction. Heavier forms will probably be required 
if an improved longitudinal joint is to be obtained. Equipment and tech- 
niques for sawing contraction joints, though improved considerably during 
the last several years, will have to be improved further before being fully 
accepted. This is particularly true with respect to joint-filling equipment and 
methods. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 


ne aie Lae 
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Title No. 52-32 


Proportioning of Mixes for Steel Coarse Aggregate 
and Limonite and Magnetite Matrix 


Heavy Concretes 


By DAVID L. NARVER, JR. i 


SYNOPSIS 


Discusses structural concrete of heavy weight, utilizing limonite and mag- 
netite ores as fine aggregate and graded steel scrap as coarse aggregate. Cri- 
teria are presented for proportioning a concrete mix for specific unit weight as 
well as a specific compressive strength. Employing various combinations of 
conventional coarse aggregate and steel aggregate and either conventional, 
limonite, or magnetite fine aggregate, concrete can be produced with a density 
from 140 to 330 lb per cu ft. Compressive strength of 3000 psi is reported to 
be obtainable without difficulty 


INTRODUCTION 


Limonite matrix concrete is so named because limonite iron ore is sub- 
stituted for the usual fine aggregate. Another type of heavy weight concrete 
is magnetite matrix concrete in which magnetite iron ore is the fine aggregate. 
Graded scrap steel is a coarse aggregate common to both of these types of 
concrete. In construction completed March, 1954, Holmes & Narver, Inc., 
engineers and constructors for the U. S. Atomic Energy Commission, de- 
signed and placed at the commission’s Pacific proving ground, Eniwetok, 
Marshall Islands, more than 2000 cu yd of limonite matrix concrete. To date, 
only laboratory work has been done on magnetite matrix concrete. 


Use of limonite or magnetite ores crushed to fine aggregate gradation and 
graded steel scrap as coarse aggregate results in a concrete of approximately 
double the unit weight of conventional concrete. The shielding properties 
of limonite or magnetite matrix concretes are obtained primarily from this 
increased density. In certain cases high density is the only consideration; 
in others, both density and structural strength are necessary. For structural 
purposes these concretes are reinforced the same as ordinary concrete. In 
all cases, the heavy concretes require close laboratory control. 

*Received by the Institute Oct. 25, 1954. Title No. 52-32 is | wae of the copyrighted JouRNAL oF THE AMERICAN 
Concrete INSTITU rz, V. 27, No. { 5, Jan. 1956, Proceedings V. 5 Separate prints are available at 50 cents each 
Discunien ( (copies in triplicate) shaaki 1 reach the Institute not hehe than May 1, 1956 Address 18263 W. MeNichols 

l., Detroit 19, Mich. 


Chief Production Engineer, Holmes & Narver, Inc., Los Angeles, Calif 
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GENERAL FIELD CONDITIONS 


Limonite matrix concrete has been manufactured and placed by a number 
different methods, depending primarily upon the availability of equipme 
These include (a) central batch plants and transit-mix trucks; (b) stationary 
34-cu yd portable mixers at the construction site; (¢c) mixing in a centrally 
located paving type mixer and transporting in agitator trucks; (d) mixing 
and transporting the limonite-cement mortar separately and adding the stee| 
scrap to this mortar in the forms; and (e) an adaptation of pressure grouting 
Adding the steel coarse aggregate in the forms is not used extensively be- 
cause of the small individual placements. Pressure grouting by injecting a 
limonite-cement slurry into steel aggregate deposited in the form is no longe: 
used. The full-scale field test of this method was not satisfactory because of 
channeling and the excessive amount of surface treatment required after 
form removal. 

As long as the materials are weigh-batched, limonite matrix concrete can be 
produced successfully by any of the above methods. Volumetric batching o 
aggregates where there is a specific unit weight requirement is not recom- 
mended except as a temporary expedient, and then only when batching is 
closely controlled. In conventional mixing the charge of heavy materials 
is usually controlled so that the total batch weight is equal to the weight oi 
a full charge of ordinary concrete. The %4-cu yd portable mixers were abl 
to mix 14-cu yd batches, whereas the 5-cu yd transit mixers were able to mix 
only 2-cu yd of limonite concrete. Forms for this type of concrete were 
double the strength of those for conventional concrete at equivalent heights 


of placing. This was affected by reducing the spacing of the studs and wales, 
and by increasing the size of the wales. 


The concretes discussed were used or designed for use in constructior 
overseas at a location where all fresh water is distilled from sea water. Be- 
cause of the cost of distilled water, techniques were evolved for satisfactorily 
employing sea water as concrete mixing water. Of course, heavy weight 
concretes can be mixed with fresh water where it is available. 


Heavy weight, high density concrete was placed successfully in 6 ft thick 
sections with no adverse thermal cracking. However, it was common prac- 
tice to start water curing immediately after the concrete had hardened suffi- 
ciently and to loosen outside forms as soon as possible for additional cooling 
It is believed that these practices and heavy reinforcement minimized cra 
ing. Atmospheric curing conditions were also quite favorable, w:th humidities 
normally between 65 and 80 percent and temperatures around 80 F with 
diurnal variations rarely exceeding 10 deg. Sun heated steel aggregates, se: 
water for mixing, and relatively rich cement contents all combined to a 
celerate the rate of stiffening of limonite matrix concrete. Under these co! 
ditions, it is difficult to prevent cold joints, particularly where large volumes 
of concrete are required in thick sections. Cold joints in a concrete contai 
ing steel aggregate are more serious than in conventional concrete. If wat 
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penetrate to oxidize the steel aggregate, a situation similar to alkali- 
veregate reaction in conventional concrete may arise. The steel aggregate 


reases in volume through oxidation, setting up cracking stresses. Exposed 


eel aggregate at the surface of heavy concrete may cause superficial crack- 

x and spalling after a time. The use of limonite grout in all placings along 

th vibration at the forms will seal the surface and help to minimize concrete 
listress through steel aggregate expansion. Over-vibration must be avoided 
to prevent segregation. 

[ype I (normal) portland cement was used in all heavy concrete mixes 
deseribed. The possibility of using a set retarding agent or admixture with 
normal Type I portland cement has been discussed but is considered less 
practical from the construction standpoint. Cooling of steel coarse aggregate, 
although not practiced to date, would be an advantage also. This could 
be done with a spray system prior to concreting, cooling the steel aggregate 
through evaporation. Such cooling would not affect the mix proportioning 
because of the aggregate’s inability to absorb moisture. Generally, the plac- 
ing of heavy concrete should be planned in detail ahead of time, to permit 
as rapid a placement as possible. 


AGGREGATES FOR LIMONITE MATRIX CONCRETE 


Limonite is a rusty brown, hydrated oxide of iron (2 Fe.Q; - 3H:O 
Limonite ore has a specific gravity varying from 3.6 to 4.0, and on Mohs’ 
scale of hardness a variation of from 5.0 to 5.5. Since on the same hardness 
scale quartz is 7, there is the empirical suggestion that, for concrete, limonite 
would be the weaker of the two aggregates. Limonite, because of its amor- 
phous nature and the many ways it is deposited as an ore, occurs in many dif- 
ferent forms. Its structure ranges from brown rust colored clay to loose 
porous “‘bog iron,’’ on into the hard dense form specified for use as limonite 
matrix concrete aggregate. 

Limonite ore fine aggregate is crushed or ground to specification conform- 
ing to ASTM Designation C 33-49. However, there is a tendency for the 
material to break down into progressively smaller sizes during handling and 
processing. Fig. 1 shows the approximate average washed gradation of the 
limonite ore used in the last 500 cu yd of heavy concrete placed and the 
majority of test mixes of this report. The relatively high percentage of ma- 
terial passing the No. 200 sieve (12 percent) is not desirable. To obtain the 
highest specific weights in this type of concrete it is necessary to incorporate 
into the mixture the least possible amount of water and cement, since these 
are the two lightest ingredients. High percentages of limonite fine aggregate 
passing the No. 200 sieve require more water for plasticity and consequently 
more cement to maintain a favorable water-cement ratio. 

Of even more direct influence in the production of concrete with unit weights 
of 275 to 310 lb per cu ft is the gradation of the steel coarse aggregate and the 
shape and surface characteristics of the individual particles. The specifica 
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Fig. 1—Average washed gradations of limonite and magnetite fine aggregate 
per ASTM C 33-49. Limonite fineness modulus—3.05. Magnetite fineness 
modulus—2.87 


tion on steel coarse aggregate required that cast or scrap steel particles be 
graded from %< to 2 in. in accordance with Table 1. <A revision to this speci- 
fication now under consideration restricts elongated particles by limiting 


the greatest dimension to twice the least dimension, and promotes rusting 


and consequent roughening of the surface by providing for degreasing prior 


to use. 


Gradation 1, Fig. 2, shows the approximate average gradation of the steel 
coarse aggregate used. The coarse aggregate particles were generally rounded 
in shape and well rusted, both desirable features. Generally speaking, even 
heavy rust on the surface of the steel coarse aggregate is preferable to smooth 
rustless surfaces. Gradation 2, Fig. 2, shows particle size distribution of a 
steel aggregate which has unfavorable gradation and surface characteristics. 
The particles were 34 x 16 x in. flat bits of alloy steel which resists rusting 

Heavy concrete made with this aggre- 


TABLE 1-—GRADATION REQUIRE- 
MENTS FOR STEEL COARSE AGGRE- 
GATE 


Sieve No., in. Percent passing 
2 100 

lly 70-90 
l 50-70 
34 30-50 
ly 10-30 
36 0-10 


gate (test batches only) gave poore! 
strengths as shown in Fig. 5. This 
aggregate can be used by blending 
with additional suitably graded coarse 
aggregate which can be easily rusted 
However, it should be deliberate!s 
rusted before use. 

The ease with which high speci! 
gravity concrete can be manufacture 
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Fig. 2—Steel aggregate gradation specification limits—solid lines. Gradation 1 

—Average gradation of steel coarse aggregate supplied on original purchase 

order. Gradation 2—Gradation of steel coarse aggregate supplied on subse- 
quent purchase order 


and placed ce pends toa large extent on how densely graded the coarse aggre 
gate is. Similarly, compressive strength is to a large extent dependent or 
the shape and surface characteristics of the individual steel particles The 


] 
limita- 


sper ifications in Table 1 for steel coarse aggregate gradation have size 
tions which, if closely followed, will produce workable concrete with unit 
weight in excess of 310 Ib per cu It. The steel coarse aggregate has al approxi- 


mate average specific gravity of 7.83 while the mortar of cement 
fine aggregate, and water has an average specific gravity of only 2.70. There- 
fore, the unit weight of this tvpe of concrete Is critically depende nt on ho 
much coarse aggregate can be incorporated into a mix. A well graded coarse 
regate with a minimum volume of voids to be filled with paste will 
concrete with high unit weights, still having favorable handling 
placing characterist ICs. 
Careful checks of the specific gravities of the 
“Book” values for steel and limonite or magnetite are a‘ 
seriously throw off unit weight calculations. Table: 


gravity values 


LIMONITE MATRIX CONCRETE 


} 


Constructiol required only two classes of limor té eo re 


specified to have a unit weight of 310 Ib per cu ft and compress 


2500 psi and the othe r 220-250 |b per cu it witli a compress e stl ‘nig n SO) 
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TABLE 2—SPECIFIC GRAVITY AND pxi. If the 


UNIT WEIGHT uu” AGGRE- available materials are known. 


characteristics of 


not particularly difficult to arrive 


eaanee a nee _ wie a limonite matrix concrete mix meet 


Grey iron 

White iron 
Wrought iron 
Common steel 
Armco ingot 
Ferro-nickel steel 
Limonite ore 
Magnetite ore 


00 136 either of these requirements. Spe 
60 474.5 ° » . P 

70 180: mix formulas from another job are of 
83 4588 _! . ° ° 

Fi 190 5 little help because a limonite matrix 
10 505 .4 ‘ a 

6-4.0 224-249 as well as any other kind of concret: 


9-5.2 305-325 


we CO QONENIsIsasT 


must be tailored to suit the materials 
on hand. 

Proportioning a concrete mix to have a specific unit weight as well as a 
specific compressive strength is not difficult, provided the unit weight re- 
quired is realistic compared with the gradation of the materials furnished 
After selecting a conservative water-cement ratio, not over 6 gal. per sac! 
for 3000-psi concrete, various combinations of aggregates and cement can be 
tried until a plastic mix having the desired weight is reached. In the highest 
unit weight concretes the amount of steel coarse aggregate, as well as thé 
mixing water content, can only be varied within the most narrow limits 
Cement and limonite ore, having more similar specific gravities, can be 
terchanged to a greater degree without affecting the unit weight much 

In selecting a concrete mix to produce a specified unit weight concret 
the calculated unit weights of all the materials in a batch will be extremely 
close to the unit weight of the “in-place’”’ concrete. Fresh concrete shrinkage 
should balance out the loss in weight due to naturally entrapped air. The 
actual concrete mix may be proportioned to have a unit weight 2 to 5 percent 
higher than that required, for a small margin of safety afid to allow for small 
mix adjustments in the field. Limonite concrete responds to the same pro 
portioning rules and water-cement ratio laws as ordinary stone concrete. For 
a given cement content and water-cement ratio, the compressive strength ot 
concrete made with limonite fine aggregate and steel coarse aggregate was 
only slightly less than that which could be expected from certain stone aggre 
gates, e.g., quartz river gravel with an absorption of 0.5 percent or less. Such 
results can not be expected unless the steel coarse aggregate particles have a 
rusted, rugose surface. 

There is no direct relationship between the density of a limonite matrix 
concrete and its compressive strength. Density depends primarily on thi 
amount of steel in the mix; strength depends upon the shape and gradati: 
of the steel and other aggregates used. Within limits, the highest compressiv’ 
strengths will be produced by the higher density limonite concrete mixes be- 
cause the amount of mixing water, being the lightest ingredient, must 
sharply reduced. 


Table 3 gives the characteristics of the two mixes used to satisfy the orig 
nally stated requirements. The first and denser of the two mixes was e 
ployed where the minimum density specification was 310 lb per cu ft. Us 
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TABLE 3—CHARACTERISTICS OF LIMONITE MATRIX CONCRETES 


Mix 1 Mix 2 


Specilic Absoluts 
gravity* volume, cu ft 


1960 
1790 
690 
sth) 
7806 


veight, Ib per cu ft 


gal. per sack of cement 
t content, sacks per cu yd 
ygregate, percent by volume 
*, percent by volume 
re specific gravity of paste* 
volume of paste, cu. ft 
compressive strength, 28-day, psi 


arent 


ractical purposes limonite ore may be considered as having no absory tion 


the aggregates on hand, a reasonably plastic and workable concrete could be 
produced with a density of 312 lb per cu ft. This mix was adopted and used 
satisfactorily although a slightly larger margin of safety would have been 
preferable. Mix No. 2 produced unit weights of about 290 lb per cu ft. It 
was selected to give more workability than mix No. 1 and was used for the 
lower density requirement. The minimum density that can be obtained 
with limonite ore and steel aggregates is probably 275 lb per cu ft, but this is 
at the expense of proper material proportioning. 

For lower unit weights ordinary rock aggregates can be substituted for all 
or part of the steel aggregate to reduce costs. Employing varying combina- 
tions of coarse rock and steel aggregate, and either conventional sand, limo- 
nite, or magnetite fine aggregate, concrete can be produced ranging from 140 
lb per cu ft to perhaps a top limit of 330 1b per cu ft. Provided a well graded, 


well rusted steel coarse aggregate is used, any combination of these materials 


should produce compressive strengths equal to the highest now specified 
3000 psi in 28 days. The top density limit for all rock aggregates, with the 
type of rock available, was approximately 145 lb per cu ft; for limonite fin 


aggregate and rock coarse aggregate, about 165 lb per cu ft; for limonite fine 
aggregate and steel coarse aggregate, about 315 lb per cu ft; and for magnetite 
ine aggregate and steel coarse aggregate, up to 330 lb per cu ft. These figures 
are all dependent on how well graded the aggregates are, the steel coars 
aggregate having the most influence on the higher unit weights 


MAGNETITE MATRIX CONCRETE 


Obtaining limonite ore in the relatively small quantities required for the 
manufacture of heavy concrete and the necessity for having the ore crushed 
to gradation requirements created procurement problems which made de- 
sirable the use of a more readily obtainable fine aggregate material. On this 
basis, magnetite ore was selected for trial. 
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Fig. 3—Comparative mortar 

making properties of limo- 
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CRETE, , gregates per ASTM C 87-47, 

i f Results of testing 130 two- 
in. mortar cubes 


_7—OTTAWA SAND 
- 


PER SQ. INCH 


COMPRESSIVE STRENGTH 
POUNDS 


° 
9° 
6 


+ 
+ 


“. 


os 





ia 
AGE IN DAYS 

Geologically, magnetite occurs as both as igneous and a metamorpl 
product. It is a black iron oxide (Fe;Q0,), and is crystalline with a geolog 
hardness of 5.5 to 6.5 and a specific gravity range of 4.9 to 5.2. One hundred 
lb of pure magnetite contain 72.4 lb of pure iron. Magnetite is harder, hea‘ 
and contains more iron than limonite. Magnetite is also more uniform t} 


limonite and thus makes re-ordering easier. 


The samples of magnetite ore tested show every indication of be 
good or better than limonite as fine aggregate for heavy concrete. 
shows typical limonite and magnetite ore gradations when ground for us 
concrete fine aggregate. Although purchased to the same gradation spe 


fication the limonite ore has a greater tendency to break down into progres- 


rively smaller sizes during handling and processing 


The first step in determining how well magnetite ore would serve as 
aggregate in heavy concrete was to compare the mortar making properti 
of ground magnetite ore with standard Ottawa sand and limonite ore. Thi 
results of testing 130 two-in. mortar cubes are shown graphically in Fig 
For a given water-cement ratio and consistency, the magnetite ore 
cubes indicated a compressive strength at 28 days about 8 percent 
than mortar cubes made with limonite ore. This is about the same strengt! 
relationship as is indicated by a comparison of limonite end magnet! 
matrix concrete mixes made under the same conditions (Fig. 4 The 
netite matrix concrete tested about 6 percent higher than the same limo 
matrix concrete mix. This difference in strength is probably due in part 
the fact the magnetite ore is harder than limonite ore. 

In testing more than sixty 6x 12-in. concrete cylinders made with 
netite fine aggregate and steel coarse aggregate it became e\ 
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concrete mix proportions would be similar to concrete made 
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Fig. 4—Comparative strengths of similar limonite and magnetite concrete 
mixes. Results of testing twenty-five 6 x 12-in. cylinders 


» aggregate, each with fine aggregate gradations similar to Fig. 1 and with 


a coarse aggregate gradation as shown in gradation 1, Fig. 2 


\ mixing water content of 5 to 5.5 cu ft per cu vd ot concrete 1s 


obtain a 2- to 3-in. slump concrete. Thirty-five to 56¢ percent ine ¢ 
was found necessary to produce a plastic workable concrete. The amount of 


aggregate, quantity of mixing water, and unit weight per cubic yard are 


all directly connected to the gradation and surface characteristics of the ste 


coarse aggregate. Gradation 2, Fig. 2, shows an unfavorable conditior 
which produces low compressive strengths and comparatively low unit weights 


The gradation specifications shown for comparison in Fig , are taken fro 


our current general specifications. Aggregate meeting this gradatior 


produce the highest unit weight concrete commensurate with workability 
Fig. t shows the compressive strengths of a typ. al magnetite 
| 


crete mix which has about the same plasticity as the densest 
concrete mix used during this operatior The magnetite 


had a unit weight of 327 Ib per cuft as compared 


natrix concrete With fi der se graded coarse 


RAEI NTN aC ERA ne aseeeRh RSM REA Of 


ipproximately 330 Ib per cu ft should be possible 
matrix concrete mix Mix proportio: 
» given in Table 4. The limonite 


mix No. 1 of Table 3 
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TABLE 4—CHARACTERISTICS OF MAGNETITE MATRIX CONCRETE 


Ingredient Weight, lb Specific gravity Absolute volum: 


cu ft 


Steel coarse aggregate 5978 
Magnetite fine 

aggregate 1918 
Cement 611 
Sea water 336 


Total 8843 


Unit weight per cu ft—327 lb 

Water-cement ratio—6.2 gal. per sack of cement 
Cement content—6.5 sacks per cu yd Fineness modulus of fine aggregate—2.87 
Volume of paste—8.48 cu ft Gradation of coarse aggregate—See Fig. 2. grada 
Volume of aggregates—18.50 cu ft No. 1 


NO. 


Percent by volume—fine aggregate 34 percent 
coarse aggregate 66 percent 


Consistency slump) of concrete—3 in + 1 in 
Average 28-day compressive strength—3700 


For practical concrete proportioning purposes, magnetite fine aggregate may 
be considered to have no water absorption. The 28-day compressive strength 
of the magnetite matrix concrete reported above is only slightly lower than th: 
compressive strength of conventional stone concrete with the same water- 
cement ratio of 6.2 gal. of water per sack of cement. This is due primaril) 
to the use of a well graded, rusted steel coarse aggregate composed of grinding 
balls, ball bearings, bits of reinforcing rod and with a minimum of thin flat 
scraps of steel. As with limonite matrix mixes, results were poor when th 
coarse aggregate consisted entirely of bits of flat 1 x 34 x Yin. pieces of a1 
unrusted, hard steel alloy. Fig. 5 shows the increase in compressive strength 
of concrete made with this same steel aggregate after it has been well rusted 
Salt water was used to rust this aggregate with alternate cycles of wetting 
and drying. However, the 28-day compressive strength of concrete mad 
from this rusted aggregate is still far below that of the magnetite mixes show: 
in Fig. 4 and 5. In general, the qualities necessary in a coarse aggregate 
for limonite matrix concrete are applicable to magnetite matrix concrete also 

One property of magnetite fine aggregate bears emphasis. There is sufficient 
magnetic attraction between the magnetite fines and the graded steel coarse 
aggregate to make a change in the order of introduction of materials into a 
concrete mixer appear necessary. A number of times during the man 
facture of laboratory test batches an examination of the freshly mixed con- 
crete disclosed bits of coarse aggregate uncoated with mortar. The fine 
aggregate adhered magnetically to the coarse aggregate and insulated it fro! 
contact with the cement-water paste even after thorough mixing. One solu 
tion to this problem would be to introduce a part of the cement and wate! 
into the mixer to coat the steel coarse aggregate with cement paste befor 
the magnetite fine aggregate is let into the concrete mixer. Since it would 
be poor concrete practice to introduce all of the cement and water before t! 
fine aggregate, a small quantity should suffice. This could probably | 
accomplished without modification of existing batch plant facilities. 
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Fig. 5—Effect of steel coarse aggregate gradation on limonite or magnetite con- 
crete. Results of 30 tests on identical concrete mixes 


SUMMARY 


1. Steel coarse aggregate gradation is critical to both strength and density 
Gradation as specified here is satisfactory, provided precautions are taken 
to exclude elongated particles. 

2. Rusted steel coarse aggregate is desirable. Steel should preferably be 

greased prior to use to promote rusting. 

3. Fine aggregate gradation per ASTM C 33-49 will produce satisfactory 
strength in high unit weight concretes. 

t. Magnetite ore fine aggregate will produce heavier and stronger concrete 
than limonite ore purchased to the same gradation specification. This is 
due in part to the greater hardness of the magnetite material. Indications 


are that it is also the result of greater resistance of the magnetite particles to 
breakage in handling. 


5. Type I (normal) portland cement can be used satisfactorily. 
6. When sea water is used for mixing it has no detrimental effects with the 
closely controlled water-cement ratios employed. 

7. There is no direct relationship between strength and density, since den- 
sity depends primarily on the amount of steel used whereas strength de- 
pends also on gradation. 
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8. By proportioning in accordance with established concrete proced 
compressive strengths up to 3000 psi and densities between 140 and 33\ 
per cu ft are obtainable without difficulty. 
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Plastic Flow (Creep’) of Reinforced Concrete 
Continuous Beams! 


By G. W. WASHA and P. G. FLUCKT 


SYNOPSIS 


Previous investigations have provided information about plastic flow be- 
havior of single-span reinforced concrete beams, and have shown the beneficial] 
effect of compressive reinforcement in reducing plastic flow. This paper pre 
sents the results of 244 years of loading of two-span beams resting on thre« 
level supports. Eighteen beams were tested, representing three different con- 
ditions of reinforcement in each of three beam sizes. Inclusion of arbitrary 
amounts of compressive steel in positive moment regions of two-span cor 
tinuous beams is effective in reducing plastic flow deflection. Specifically, in- 
clusion of compressive steel equal in amount to the tensile steel reduced plastic 
flow deflection by about one-third Plastic flow in positive moment regions 
of each beam was accompanied by an increase in the midlength reaction and 


a corresponding increase in midlength bending moment 


INTRODUCTION 


tesults of a test program sponsored by the American Iron and Steel In- 
stitute and carried out at the Materials Testing Laboratory, University of 
Wisconsin, from 1948-51§ showed the beneficial effect of compressive rein- 
forcement in reducing excessive plastic flow of reinforced concrete beams 
The present program, also sponsored by the American lron and Steel In- 
stitute, was started in 1951 to investigate plastic flow behavior of continuous 
beams, that is, beams resting on three level supports. 

Fig. 1 is a general view of the loaded beams. Details of beam cross sec- 
tions are shown in Fig. 2. One detail not evident in Fig. 2 is that reinforce- 
ment of positive and negative bending moment regions was overlapped about 
2 ft at inflection points. Each of the two spans of the beams of the 1951 pro- 
gram was the same as the total span of the corresponding beam of the 1948 pro- 
gram, and in the region of positive bending moment reinforcement was the 
same as in the 1948 beams. In the region of negative bending moment (near 
the midlength support) compressive reinforcement was used to provide the 
necessary strength, and in that region all beams of a given size had similar 

*Although “creep” is now frequently used, the authors have men t 
sistent with previous papers of this series 
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1—General view of 
test beams 


reinforcement. This pattern of reinforcement approximates the conditio. 
in a building where tensile steel of the span is extended over a support to 
provide the necessary compressive reinforcement strength, and the tensile 
steel over the support may be extended throughout the span, not because 
of strength requirements but to reduce plastic flow. Additional reinforcement 
would probably be needed above the support, as was the case in the beams 
of this investigation, but none of the bars would be bent. In the beams of this 
investigation no stirrups were required. 

The beams were designed as balanced sections in accordance with the 195] 
ACI Building Code, except for reduced fire cover, the arbitrary inclusion of 
compressive steel in the region of positive bending moment to reduce plastic 
flow, and the size and spacing of ties for the required compressive steel. It 
should be noted that the ACI Building Code permits the effectiveness of com- 
pression reinforcement to be taken at double the value indicated by calcu- 
lations based on elastic behavior. Beams were uniformly loaded, so that 
maximum bending moments were nearly equal to the design resisting mo- 


ments of the concrete and of the steel. The load per foot on the two-span 
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Fig. 2—Beam cross sections 





PLASTIC FLOW OF CONTINUOUS BEAMS 


eams of the 1951 program was 78 percent greater than the load per foot 
| the corresponding single-span beams of the 1948 program so that maximum 
sitive bending moments would be equal. 

In this paper the term “immediate elastic” refers to behavior during posi- 


tioning and loading of the beams. The term ‘“‘plastic flow” is used to identify 


ill deflection and strain (including shrinkage effects) occurring subsequent 
to the immediate elastic behavior. It is recognized that the term “plastic 
flow” has been used previously with various meanings, often more limited 
than the present definition.* It is further recognized that some of the im- 
mediate elastic behavior may be “plastic”? or nonrecoverable, particularly 
because of the considerable time required for positioning, loading, and read- 
ing a set of beams. Some of the changes occurring during the sustained 
loading period may be more or less “‘elastic’”’ or recoverable. 


MATERIALS 

Concrete 

All concrete was made with Type I portland cement and Madison washed 
sand and gravel of *4-in. maximum size. The aggregate was hard, well 
rounded, and well graded. The sand was largely siliceous and the gravel was 
dolomitic. The sand had a fineness modulus of 2.5 and the gravel had a 
fineness modulus of 6.6. Concrete was designed for a 4- to 6-in. slump and a 
minimum 28-day compressive strength of 3500 psi. Mixing was done in 5-cu 
ft batches in a rotating-drum mixer. Results of tests on 6x 12-in. control 
cylinders cured in the same room with the beams are listed in Table 1. 
Steel 

Properties of the hard-grade billet steel reinforcement used in this program 
are given in Table 2. The reinforcement conforms to the requirements of 
ASTM Designation A 305-53T. 


PLACING, CURING, AND TESTING 

Placing 

Beams were cast in oiled wood forms which were supported on closely 
spaced piers. Before concrete was placed, the reinforcing bars were wired 
to spacer rods which passed through holes in the sides of the forms. Deflec- 
tion and strain gage plugs and wood blocks were attached to the forms. After 
the concrete had cured about 10 days the wood blocks were drilled and chipped 
out to provide access for strain readings directly on the reinforcement. Fig. 3 
shows location of the deflection and strain reference marks. Duplicate strain 
readings were taken on opposite faces of the beams. The strain and deflec- 
tion reference marks at 0.19L and 0.21L, respectively, represent positions of 
maximum strain and deflection in a beam of two equal spans resting on three 
level supports and having a uniform cross section throughout its length 
Variation in reinforcing steel and variation in the concrete tensile crack 

*In reporting results of the 1948 program the authors made an adjustment for changes due to factors other than 


load. In that paper “gross plastic flow” was used with the same meaning as ‘‘plastic flow’’ in the present paper 
Net plastic flow’ was used to refer to the adjusted results 
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TABLE 1—PROPERTIES OF CONCRETE CONTROL CYLINDERS 


Compressive strength, * Modulus of elasticity,*+ 
psi 1000 psi 
Beams 
Date made represented 
14-day 28-day 3-year 14-day 28-day 


1—3 3430 3830 4820 2980 3430 
l 3160 3570 4130 2860 3360 
1li— 3420 3810 3650 2930 3370 
Z1—-6 3160 3690 4180 2860 3240 
.4—6h 3300 3780 4520 2810 3380 
1—6 3300 4170 4330 2860 3380 


*14- and 28-day values are the average of three tests, 3-year value is for one test. 
tSecant modulus determined at 0.45f-' = 1575 psi. 


pattern along the beam length caused a variation in effective cross section, 
but it was assumed that the effect on position of maximum strain and deflec- 
tion was slight. 

Concrete was moved in wheelbarrows from mixer to forms and then shoveled 
into the forms. Concrete was placed by a combination of spading, rodding, 
and internal vibration. Three beams were cast on each day of concreting, 
representing the three different conditions of reinforcement for one size of 
beam. Placing of concrete for three beams took about 2 hr. 


Curing 

Beams were cured under wet canvas for one week. Canvas and side forms 
were then removed so that the concrete was exposed to air on all surfaces 
except the bottom. Control cylinders were cast in steel molds and cured 
under canvas for one week. Molds were then removed and the cylinders 
left in the room with the beams. 

During the 1-year period following manufacture of the beams temperature 
in the storage room varied from about 70 to 80 F, and relative humidity 
varied from about 20 to 90 percent. This curing is considered to be roughly 
comparable to the curing in a building erected during the summer and heated 
during subsequent cold weather. 


Testing 
Two weeks after molding, beams were placed on permanent supports and 
loaded. Each beam was placed on its supports by first slightly raising th: 
beam and bottom of the form with hydraulic jacks placed near the ends and 
midlength of the beam, removing the short end and midlength form sections, 
and then lowering the beam onto its supports. 
TABLE 2—PROPERTIES OF REIN- ach end support consisted of 
FORCING STEEL* section of *4-in. steel pipe sesting ona 
notched steel plate. A thin crushing 
Yield point, /Ultimate tensile Elongation in § strip of soft wood was used betwee! 


psi strength, psi in., percent 


53,700 81,200 2 beam and supporting pipe. The mid 
50,600 88,500 1 
62,000 110,700 1 
56,200 92,000 1 


length support, as shown in Fig. 4 
consisted of a crushing strip, pipe 
slue is the average of three tests. and notched steel plate supported on a 
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Fig. 3—Location of deflection and strain reference marks 


specially designed proving ring arranged so that the midlength reaction 
could be measured. 

Beams were uniformly loaded by their own weight and by additional con- 
crete blocks and bricks. When concrete blocks were used for light loadings 
they were spaced uniformly along the beams to approximate uniform loading. 
For heavy loadings the blocks were sufficiently close together to provide 
practically continuous loading, but care was taken to avoid arching effects 
as the beams deflected. The total loads (weight of beam and superimposed 
load) on the beams were 190 lb per ft for the X beams, 146 lb per ft for the Y 
beams, and 68 lb per ft for the Z beams. 


Deflection and strain readings were first taken while beams were supported 
along their entire length by the forms, and then within a few hours afte1 
they had been placed on permanent supports and loaded. Additional readings 
were taken approximately 3, 7, 28, 90, 180, 270, 365, 545, 730, and 910 days 
after loading. 


Fig. 4—Midlength support 
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Elevation readings were taken to the nearest 0.01 in. with a Kern engineers’ 
level. Throughout the loading period the ends and midlength of each beam 
were maintained at the same relative elevation (within 0.02 in.) they had 


while supported on the forms. Slight adjustment of the level of some supports 


was necessary during the early part of the loading period. The reported de- 
flections are the average of the two spans of each of the two similar beams 


Strain readings were taken with a 20-in. Berry strain gage in the maxi- 
mum positive moment region and with a 10-in. Berry strain gage in the 
maximum negative moment region. Each Berry gage had a multiplying 
factor of five and was fitted with a 1/1000-in. dial. The strain readings re- 
ported are average values for the gage length of the Berry gage. In the region 
of maximum positive moment the average strain over the 20-in. gage length 
is about 14 percent lower than the maximum, and in the region of maximum 
negative moment the average strain over the 10-in. gage length is about 
5 percent lower than the maximum, based on elastic variation of strains 
Each of the reported strain readings for the maximum positive moment 
region is the average for the two sides of each of two spans of two sim- 
ilar beams (eight readings). For the maximum negative moment region 
each value is the average of two sides of each of two beams (four readings 


All strain values listed are based on readings on brass plugs cast in the sides 
of the beams at the levels of the compressive and tensile steel. Tensile strains 
were also measured directly on the steel with the Berry gages for compariso1 
purposes only. The averages of strain readings on the plugs in the concret: 
and directly on the steel checked reasonably well. 

No Berry gage readings were made directly on the compressive steel be- 
cause of the impossibility of exposing compressive stéel without removing 
the highly stressed concrete and thus appreciably changing the effectiv: 
cross section. 

SR-4 strain gages were used on a trial basis in beams X4, X45, and X6 
Because of uncertainty regarding creep behavior of the cemented gages 
they were not depended on to provide any of the basic data of the program 
Kleven pairs of Type All gages were attached to the reinforcement, water- 
proofed, and embedded in the concrete. For the tension reinforcement level 
comparisons could be made with Berry gage readings taken directly on th 
bar on which the SR-4 gages were mounted. For compression reinforcement 
comparisons could be made only with Berry gage readings on plugs in 
concrete. 

The SR-4 gages remained active and provided reproducible readings through- 
out the entire program. Erratic differences existed between SR-4 and Berr) 
strain gage results. It seems likely that a major cause of differences in th 
results is the fact that the SR-4 gages measured strains over a relativel) 
short gage length where the bond between steel and concrete was destroyed 
by the waterproofing materials, while the Berry gages measured strains 
over a relatively long and well bonded gage length. 
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TEST RESULTS 
Midlength reaction 


ible 3 lists the observed midlength reactions and the theoretical mid- 
eth reactions for two different assumptions regarding the effective cross 
ions. The observed values check closely the theoretical values which 
into account the variation of cross section along the length of each beam 


lig. 


5 shows the increase in observed midlength reactions during the sus- 
tained loading period. The curves indicate that midlength reactions in- 
creased rapidly during the early portion of the loading period, reaching nearly 
constant values after 6 months of sustained loading. The greatest effect was 
obtained with the beams having no compression steel at the sections of maxi- 
mum positive moment. 


{n increase of 1 percent in the midlength reaction causes a decrease of 
about 3.5 percent* in the maximum positive momentt and an increase of 
about 4.5 percent* in the maximum negative moment of the beam. The in- 
fluence of these elastic changes accompanying plastic flow is not separated 
from the primary effect of the plastic flow reported in this paper. 


Frequently plastic flow tends to relieve regions of high stress. In this 
program, however, the central or negative moment region of each beam 
behaved in a relatively elastic manner because of the heavy reinforcement 
in both tension and compression. Plastic flow in positive moment regions 
of each beam was accompanied by an increase in the midlength reaction 


and a corresponding increase in midlength bending moment 


Elastic deflection of beams TABLE 3—MIDLENGTH ELASTIC 


Table 4 lists the theoretical elastic REACTION VALUES 


deflections of the beams, observed 
elastic deflections, and the ratios of 
the two. 

It is apparent that the observed de- 
flection was greater than the theoreti- 
eal deflection for each beam. In gen- 
eral, the ratio of observed to theoreti- 
cal deflection was greatest for beams 
without compressive steel and least for 
beams with full compressive steel. 
The calculated theoretical deflection is 
somewhat uncertain because of un- 
certainty regarding the effective cross 


section throughout the length of the 


account, and the « 
tension and Compressio 
beam to t 
secant modulus of 


stress of the concrete 


beam. However, it is probable that a 


hese values vary slightly for the different beams 
positions of the true maximum positive moment and true maximum 
tion of center reaction. In this paper ‘“‘maximum positive moment” an 
bserved at the fixed positions chosen at the start of the test 
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Fig. 5—Increase in midlength reactions 


large part of the difference between observed and theoretical deflection is 
due to plastic flow which occurred during positioning and loading of the beams 
the plastic flow effect being greatest for beams without compressive reinforce- 
ment. 


Plastic flow deflection of beams 


Fig. 6 illustrates the variation of plastic flow deflection with duration o! 
load. The immediate elastic deflections, the 6-month and 2)s-year plasti 
flow deflections, as well as the ratios of plastic flow to elastic deflections, ar 
listed in Table 5 for each pair of beams. 


The plastic flow deflections wer 

TABLE 4—ELASTIC DEFLECTIONS P ” 
‘ typical, increasing with time but at a 

N B 

Theoretical | Observed Ratio decreasing rate. At the end of 2!, 

Beam No L/D*)\ deflection,t deflection, : , 2 
in. years of loading the plastic flow de- 
30 0.49 
30 50 
30 52 


yt be 


flections of all beams exceeded the 


wh 
AAA 


initial elastic deflections. The plast 
50 83 ‘ ; , Pay 
50 86 ' flow deflections of beams with full 
50 90 


compressive steel in positive moment 
70 95 : - 
70 98 1.1 regions were about 70 percent as greal 
7 01 


NSN 4H BKK 


ad et 
SNN Uw 
i ya a 


as the deflections of beams without 
*Span length divided by total depth. . 
+Based on assumption B of Table 3. The variation compressive steel. 
in steel was taken into account, and the concrete was 
considered active in tension and compression from the 
compression face of the beam to the centerline of the 


tensile steel. The secant modulus of elasticity cor- sf > vt the 
responding to the design stress of the concrete was used. and plastic flow deflections fot he 


Table 6 lists the values of elasti 
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Fig. 6—Plastic flow deflection 


continuous beams ef this program and the comparable single-span beams of 
the previously reported program. 
Elastic stress in beams 
The design stress and calculated stress, based on strain readings taken 
shortly after loading, are listed in Table 7. The calculated stress in the tensile 
steel (f,) and in the compressive steel (f,’) was based on strain readings of 
plugs set in the concrete at the levels of the tensile and compressive steel 
The calculated stress in the top fiber of the concrete (f.) was based on strain 
obtained by straight-line extrapolation from the steel level readings. 
Modulus of elasticity of the concrete was based on tests of control cylinders 
(Table 1), and 30,000,000 psi was used as the modulus of elasticity of steel. 
The caleulated compressive stress in the concrete was generally greate1 


than the design value, while the calculated compressive stress in the steel was 


TABLE 5—PLASTIC FLOW DEFLECTIONS 


Beam No 


*Span length dividec 
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TABLE 6—DEFLECTIONS OF SINGLE- 
SPAN AND TWO-SPAN BEAMS* 


Immediate elastic 
deflection, in 


24-year plastic 
flow deflection 
in 


Beam No 


0.58 
0.70 
0.87 


(1.09) 
.58) 
2.36) 


0.92 (1.57) 
1.03 (2.25 


a+ ae)) 
1.36 (3.66) 


1.28 (2 
1.54 (2 
1.94 (4. 


5A) 
87) 
80 


*Values in parentheses are for end-supported beams 
with a span equal to one span of the somennens beams 
of this program. See: Washa, G. W., and Fluck, P.G. 

‘Effect of Compressive Reinforcement on the Plastic 
Flow of Reinforced Concrete Beams,"’ ACI Journat 
Oct. 1952, Proc. V. 49, pp. 89-108. 
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always greater than the design stress 
Probably a large part of the difference 
is due to the that 
strain was not entirely 


fact the observed 


“elastic” but 
included some plastic flow strain that 
took place during the positioning and 
loading period. 

The calculated tensile steel stresses 
at sections of maximum positive mo- 


ment were materially lower than the 
The design values, cal- 


culated in the standard manner. 


design values. 
were 
based on the supposition that the con- 
Two other 


crete carried no tension. 


factors that might have caused differ- 


ences between design and calculated stresses were: 


1. The modular ratio, n, of the ACI Building Code is based on a modulus of elas- 
ticity of the concrete equal to 1000 f.’ and a modulus of elasticity of steel of 30,000,000 


psi. 


The modulus of elasticity of the concrete was considerably less than the assumed 


value, and the effective modulus of elasticity of deformed bars is generally considered 


to be slightly less than 30,000,000 psi. 
9 


2. Slight inaccuracy in the vertical position of the steel, especially near midlength 


could cause considerable variation from the design stress. 


TABLE 7—DESIGN AND CALCULATED STRESSES IN BEAMS 


Design stress, psi 


Beam N 


Calculafed stress,* psi 


Region of maximum positive moment (3/16 L from either end) 


19,500 
19,300 
19,100 


2960 
3320 


ah 


19,450 
19,300 
19,100 


4010 
4480 


ow = 


1430 
1480 
1550 


1380 
1440 
1550 


NNN HH KKH 


SNQo aK 


AAA 
whom 
tl al 


aonme 
NNN 4a 
> '‘. & 


NNN “<< 
wie 


*Based on first 


20,400 
20,200 
20,000 


2780 
3010 


1480 
1500 
1580 


12,300 
12,800 
13,800 


6,600 
7,400 


1360 
1500 
1650 


12,900 
11,800 
11,200 


7,200 
8,000 


1330 
1390 
1620 


12,600 
12,300 
12,200 


6.600 
8, LOO 


1430 
1640 
1660 


Region of maximum negative moment (central support) 


18,900 
18,900 
18,900 


8450 
8450 
8450 


1860 
1860 
1860 


18,700 
18,700 
18,700 


6870 
6870 
6870 


1790 
1790 
1790 
19,900 


19,900 
19,900 


5840 
5840 
5840 


1760 
1760 
1760 


strain readings after loading. 


18,900 
20,700 
21,000 


13,200 
11,400 
12,600 


1900 
1900 
2060 


20,700 


20,700 
21,300 


9,000 
10,800 
10,500 


1820 
2060 
2030 


19,800 
21,900 
21,900 


6,600 
9,000 
8,100 


1550 
1940 
1830 
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Fig. 7—Plastic flow strain in maximum positive moment region 


Plastic flow strain in beams 

Fig. 7 shows how plastic flow strain in maximum positive bending moment 
regions varied with duration of load on the beams. Table 8 lists the im- 
mediate elastic strain, the 25-year plastic flow strain, and the ratio of the 
two for the tensile and compressive steel levels in each pair of beams. 

Compressive plastic flow strains at positions of maximum positive mo- 
ment increased with time, but at a decreasing rate. Beams with full com- 
pressive reinforcement had the lowest compressive plastic flow strains; at 
2'5 years they were only about one-half the values for beams with no com- 
pressive steel. Tensile plastic flow strains at positions of maximum positive 
moment showed relatively little change with time, but in each case beams 
with full compressive reinforcement showed the greatest plastic flow tensile 


TABLE 8—BEAM STRAIN IN MAXIMUM POSITIVE MOMENT REGION 


Compressive steel ley 


B ( 
Beam No Immediate 24-year Immediate 
elastic plastic elastic 
strain, flow strain strain, 
percent percent percent 


O22 O45 » 0 041 
025 066 2 6 0.04 
O28 006 ; 0 O4F 


O24 O51 4 0 048 
O26 OU7 2.6 0.040 
032 O95 ; 0.038 


O22 O52 2 0.042 
027 0.071 > 6 0.041 
O28 0.101 , 6 0 040 
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Fig. 8—Plastic flow strain in midlength support region 


strain. In this connection it should be noted that the maximum positive 
bending moment decreased with time as the midlength reaction increased 
If a correction were made for the elastic effect of the decreased moment, all 
the reported plastic flow tensile strains would be increased, the increase being 
greatest for beams without compressive reinforcement. 

Fig. 8 shows how plastic flow strain in the maximum negative moment 
region varied with duration of load on the beams. Table lists strain values 
for the region of maximum negative bending moment. 

At the midlength support compressive plastic flow strains increased wit! 


time, but at a decreasing rate. The compressive plastic flow strains for 


the differently reinforced beams of a given type are grouped closely, indicati 


that the addition of compressive steel in regions of positive moment has littl 
relation to compressive plastic flow strain at midlength. 


TABLE 9—BEAM STRAIN IN MAXIMUM NEGATIVE MOMENT REGION 


Compressive steel level Tensile stee 


A B 

Immediate 24-year 
elastic plastic 
strain flow strain 
vercent percent ent 
0.039 0.054 070 
0.038 0.057 5 072 
0.042 0. O5¢ ; O87 
0.030 0.048 l O71 
0 0.051 O70 
0 35 0.054 5 O7S 
0 2 0.046 1 070 
0 0.055 O73 
0.02 0.054 2 OHS 





PLASTIC FLOW OF CONTINUOU 


\t the midlength support the tensile steel exhibited considerable increase 
train with time. The increase was greatest for beams without compressive 
el in the positive moment region and least for beams with full compressive 
el in the positive moment region. Again it should be noted that the in 
ase in midlength reaction is accompanied by an increase Ih midlength 
iding moment, which causes additional elastic strains at midlength. These 
ains are included in the plastic flow strains. 


CONCLUSIONS 


|. Inclusion of arbitrary amounts of compressive steel in positive moment 
regions of two-span continuous beams is effective in reducing plastic flow 
deflection. Specifically, inclusion of compressive stee] equal in amount to 
the tensile steel reduced plastic flow deflection by about one-third In 
clusion of half as much compressive steel was somewhat more than half as 
effective in reducing plastic flow deflection 

2. Ratio of the 215-vear plastic flow deflectior 
deflection varied between 1.03 and 1.62. 

3. Midlength reactions increased during the sustained 
increase was about 5 percent tor beams without com 
positive moment region and about 2 percent for beam 
steel. 

+. Inclusion of full compressive steel in the positive moment reg! 
compressive plastic flow strains in that region by about one-half 

5. Tensile plastic flow strains in the positive moment region 
but were greatest for beams with full compressive steel, 

6. Compressive plastic flow strains in the negative moment regior 
nearly the same for all beams of a given type despite the difference 1 


pressive reinforcement in the positive moment region 


7. Tensile plastic flow strains in negative moment regions 


large, but inclusion of full compressive steel in the positive 


decreased these strains by more than ony -half 
8. Although plastic flow Trequel tly tends 
plastic flow in one region of a beam may cau 


stress In some other region. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JouRNAL pages. 








Title No. 52-34 


Rattler Losses Correlated with Compressive 
Strength of Concrete® 


By E. A. JUMPER,+ J. D. HERBERT,¢ and C. W. BEARDSLEY$§ 


SYNOPSIS 


A series of tests were made to determine how concrete strength is affected 
by the property of the coarse aggregate measured by the Los Angeles abrasion 
test. Aggregates showing rattler losses from 42 to 58 percent were compared 
Test results are presented correlating resistance of aggregate to abrasion with 
compressive strength of concrete. Estimates are given of the additional ce- 
ment required to offset strength impairment caused by the use of aggregates 
having low abrasion resistance. 


INTRODUCTION 


In a joint investigation by the Los Angeles City Bureau of Standards and 
the Southern California Rock Products and Ready-Mixed Concrete associa- 
tions, a series of tests were performed in an attempt to develop the relation- 
ship of Los Angeles rattler losses to the compressive strength of concrete. 
The study was occasioned by a critical shortage of concrete aggregates with 
low rattler losses in the face of an increasing demand for construction materials. 
New zoning restrictions severely limited the mining acreage suitable for 
aggregate production. The producer is thereby forced into deeper excavation 
of deposits and, in some instances, to lower strata in pits that had been surface- 
scalped in past years. There is general agreement that the higher rattler 
losses now being reported for some production areas are due to this excavation 
of lower strata. 


All aggregate in Los Angeles County are produced by dry mining. The 
water-table at the present time ranges from 200 to 250 ft below the natural 
surface at the pits. The particle shape is generally subangular. The gravel 
deposits contain the partially smoothed fragments washed out of the canyons 
of local mountains in past geological times. Mineralogically, these aggre- 
gates are granitic and higher rattler losses are due to the partial weathering 
of the feldspar, mica, and iron minerals contained in the granites. 

*Presented at the ACI Seventh Regional Meeting, Los Angeles, Calif, Oct. 29, 1954 litle No. 52 
if copyrighted JouRNAL or THE AMERICAN Concrete INstiITUTE, V. 27, No. 5, Jan. 1956, Proceedings V. 52 

parate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than May 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich 

tMember Technical Committee, Southern California Rock Products Assn. and Southern California Ready-Mixec 
Concrete Assn.; Engineer, Consolidated Rock Products Co., Los Angeles, Calif 

tMember American Concrete Institute and Technical Committee, Southern California Rock Products Assn 
and Southern California Ready-Mixed Concrete Assn.; Chemical Engineer, Blue Diamond Corp., Los Angeles 
Cat, 

§Member American Concrete Institute, Director, Los Angeles City Bureau of Standards, Los Angeles, Calif 
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TABLE 1—!INDIVIDUAL AND COMBINED GRADINGS OF AGGREGATES 


Grading 
Type Type I 
Passing sieves No. 2 No. 3 No. 4 I Il 
Sand gravel gravel gravel, percent 
percent percent pereent percent 


ype 
Ill 


percent percent 


100.0 100.0 100 100.0 100.0 100 
100 ( 2 100.0 83.4 5.5 a9 
100 3 3.5 100.0 72.7 

100 5 100.0 5 8 
100 ) 78 < 

100 5 5, 
Qa 
85 


' iD 


90 
io 
62 
20.3 3 50 
0 36.4 15 
0 3 4 tS 
0 29 .§ 
39 0 18 
13 0 f : hh 
] 0 ; l 
0 0 


{ 5 


The Los Angeles Board of Public Works, which has jurisdiction over th 
Bureau of Standards has, from time to time, modified its specification limit 
for the rattler test to permit the use of gravels showing higher rattler losses 
but the question was raised: How far can this trend proceed without dange1 
to public construction work? All the aggregates presently involved in this 
situation originate in the San Fernando Valley in the northern part of Los 
Angeles City. Notwithstanding their relatively high rattler losses, they 
have had a long and satisfactory use record and they are of great economi 
value to the community, both to the consumer and to the producer. 
information was necessary before this question could be answered. 

Confronted by this situation, John T. 


Further 


Young, the Bureau’s director, no 
retired, initiated several conferences between the personnel of the Bureau 
and the Technical Committee of the associations named earlier to encourag: 
study of the problem. A program for a series of tests, mutually agreed to 
finally emerged from these conferences. The two associations agreed 

perform the experimental work under the supervision and direction of Bure: 
personnel. 


THE PROGRAM 
Since the program was designed to develop as much information as practicabl 
n the effect of coarse aggregate rattler losses on concrete mixes used by the 
Department of Public Works, the combined gradings shown in City Speci! 
cations 151 (Table 1) were used in the series of 32 mixes called for in Table 2 
As shown in Table 1, grading Types I and II require 1!o-in. maximum aggr 
gate, while Types III and IV call for 1-in. top size. 


té 


Since all gravels for co 


-in Los Angeles County are separated into three or more primary sizes 
the 1!5-in. gradings employed No. 2, 3, and 4 primary gravels, while the 1-i 


gradings needed only No. 3 and 4 gravels to be combined with sand for thei 


combined gradings. These primary gradings are likewise given in Table | 
Coarse aggregates were to be secured in four classes, A, B, C, and D, defined 
by their respective rattler losses of approximately 42, 45, 50, and 55 percent 
respectively. 





RATTLER LOSSES CORRELATED WITH STRENGTH 


TABLE 2—OUTLINE OF CONCRETE TESTS 


uss by rattler loss A—42 percent 


nal Water Grading 
rth gal. per sack type 


50 


Compressive strengths were intended to range from 2000 to 4000 psi as 
shown in Table 2. Five cylinders per test at 28 days were desired to check 
the variation of individual cylinders for possible disproportionate number of 
soft pieces in one or more cylinders of the set of five. Two cylinders for 7- 
day age and two for other possible comparative tests made a total of nine 
cylinders per batch. 

The greater part of this program was performed by the laboratory of Con- 
solidated Rock Products Co., with the cooperative assistance of employees 
of other association members, and under observation of personnel of the Los 
{Angeles Bureau of Standards. 


INITIAL STUDIES 


L. A. rattler losses were determined in accordance with ASTM Designation 
C 131-47. To insure consistent and close agreement between the results of 
the laboratories associated in this investigation apparatus and individual 
procedures were extensively cross checked. It was found that more than 


ordinary care and judgment were required to secure average samples from 
stock piles or bunkers. 


After the four gravels for the program had been finally selected, as will 
be described, the Los Angeles rattler tests were run by three laboratories, 
those of the Bureau, Blue Diamond Corp., and Consolidated Rock Products 
Co. Identical samples ready for placement in the Los Angeles rattler machine 
were prepared in the last named laboratory for all the determinations in 
sufficient quantity for distribution to the other two laboratories. The average 
results, individually in close agreement in all details, are given in Table 3 


PROCUREMENT AND PREPARATION OF AGGREGATES 


Commercial gravel aggregates from San Fernando Valley plants in the 
summer of 1952 exhibited rattler losses from about 42 to 52 percent. A large 
supply of these primary gravels was obtained from each of two of these plants, 
which would serve for classes A and C. It was determined that a blend of 


equal parts by weight of class A and class C of each primary size resulted in a 
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TABLE 3—AVERAGE PERCENTAGE LOSSES IN LOS ANGELES 
RATTLER TESTS* 


Class B Class C Class D 
500R 100R 500R 100R 500R 100R 
Grading A 


16.6 


Grading B 


10.8 48 7 


*Participating laboratories: Los Angeles Bureau of Standards, Blue Diamond Corp., Consolidated Rock Prod 
Co 
rattler loss of 46 percent. This blend was used for class B. However, no 
gravel ‘“as-produced-for-market”’ that showed rattler losses higher than 52 
percent could be located at any of the valley plants. 


To obtain a coarse aggregate from commercial material in this area with a 


rattler loss substantially above 52 percent, it was necessary to handpick and 


reject, from each fractional size of each primary gravel of class C aggregate 
those pieces which appeared most dense and sound. This was a laborious 
task. Over 2 tons of class C material were thus processed. The tailored 
coarse aggregate residue had a loss of 74 percent. When blended 35 percent 
with 65 percent of the corresponding fraction of class C aggregate the combi- 
nation yielded a product whose loss was 57.4 percent; this blend became 
class D for these tests. 


TABLE 4—BLENDING OF GRAVELS AND BATCH WEIGHTS FOR MIX 1D 


Batch in terms of primary sizes 


Gradation Total aggregate, Class C aggregate, Handpicked aggregat 
35. 


100.0 percent 65.0 percent \ percent 


42.7 Ib 27.8 lb 14.9 lb 
99.6 Ib 64.7 Ib 34.9 Ib 
15.8 lb 10.3 Ib 5.5 Ib 


158.1 Ib 102.8 lb 55.3 |b 


Weight of batch in terms of fractional sizes 


Class C aggregate, Ib Handpicked aggregate 
Gradation 


No. 3 te) No No. : 


Totals 





RATTLER LOSSES CORRELATED WITH STRENGTH 


TABLE 5—SPECIFIC GRAVITY AND ABSORPTION DATA OF AGGREGATE 


Material 


TABLE 6—COMPRESSIVE STRENGTHS OF TEST CYLINDERS 
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TABLE 7—SUMMARY OF CONCRETE MIX DATA 


Aggregate gradation type II 
Mix No 3 5A 


Slump, in 5 5 ; 7.00 
Cement content 

Sacks per cu yd* 4.32 5 ! 5 31 

Sacks per cu ydt 32 5 5.4 6.34 
Water 

Gal. per cu yd 34. 

Gal. per sack 95 2 >. 83 
28-day strength, psi : 


Mix No. 


Slump, in. 
Cement content 
Sacks per cu yd* 
Sacks per cu ydt 
Water 
Gal. per cu yd 
Gal. per sack 
28-day strength, psi 
Mix No 
Slump, in. 
Cement content 
Sacks per cu yd* 
Sacks per cu ydt 
Water 
Gal. per cu yd 
Gal. per sack 7.7 Rt 92 5.74 
28-day strength, psi 2375 8S 1199 
Mix No. K 5 6D 
Slump, in. 2.00 
Cement content 
Sacks per cu yd* 4.31 f f 5 6.: 6.31 
Sacks per cu ydt 26 if 5.5 6.27 6.26 
Water 
Gal. per cu yd 33.0 : } 36.: 35. 35.9 
Gal. per sack 7.66 ( 7 5.67 5.69 4.62 
28-day strength, psi 2191 2116 3668 1036 $380 


*Computed by absolute volumes 
tComputed from measured weights per cubic foot 
tWeight per cubic foot not recorded. 


Upon securing stocks of classes A and C gravels, each primary size aggregate 
was screened into the following size fractions: 2 to 1! in., 1! to 1 in., 1 to 
54 in., 34 to 14 in., 4 to % in., % in. to No. 3 sieve, and No. 3 to No. 4 sieve 
These fractions were put into sacks and marked distinctly with the class, 
primary number, and fraction size. The stock of handpicked gravel was like- 
wise screened and sacked. 

Tables for weighing the coarse aggregates for the batches for the 32 mixes 
were then computed and the proper size fractions were weighed out and placed 
in two sacks per batch marked with the mix number. An example is given in 
Table 4 showing how the blending of mix 1D was secured from the sacks 
containing class C and the handpicked gravels. 

By the time we were ready for concrete mixing, these coarse aggregates 
had been drying in laboratory air from 3 weeks to 3 months. They contained 
little, if any, absorbed moisture. The different classes of aggregate had 
widely different degrees of absorption, but there were no facilities for pre- 
soaking the gravels to the point of saturation. It was mutually agreed to 


proceed with the tests by adding identical amounts of water including t! 
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RATTLER LOSSES CORRELATED WITH STRENGTH 


TABLE 8—REDUCTION OF AVERAGE MIX DATA OF TABLE 7 TO 
CORRELATIVE MIXES WITH SLUMP OF 4 IN. 


Avg., 
Xa 


X 
Class A aggregates 


in. 5.94 4.00 

nt, sacks per cu yd 5.83 5.87 

r, gal. per cu yd 36.1 34.8 

r, gal. per sack (XY) 6.19 5.92 
lay strength, psi (S) 3657 3876 

1.24 1.24 


Class B aggregates 


p, in. } $00 
nt, sacks per cu yd 4 5.82 
gals. per cu yd 35.5 35.3 
ater, gals. per sack (X) 6.07 
day strength, psi (S) 


Class C aggregates 


Slump, in. 3.41 4.00 

Cement, sacks per cu yd 5.80 5.79 
r, gals. per cu yd 35.3 35.6 

ter, gals. per sack (X) 6.08 6.15 
28-day strength, psi (S 5532 3476 

1.25 


Class D aggregates 


Slump, im. 3.50 4.00 
Cement, sacks per cu yd 5.82 5.81 
Water, gals. per cu yd 35.0 5.4 
Water, gals. per sack (X 6.01 6.10 
28-day strength, psi (S 3340 3269 
K 


1.27 27 


Water-cement ratio, X, is given by dividing gal. per cu yd by sacks 
rhe strength, S, and X are related by Abrams’ equations 
Me oor ten i log 14.000. log S 
Log S = Log 14,000 z log K 2 
log 14,000 log S 
log K 
Eq. (1) was employed in column Xa, Eq. (2) in columns Xi and Xe, and Eq. (3) in column X 


(3) 


free moisture in the sand to all concrete mixtures numbered with the same 
numeral in Table 2, like 1A, 1B, 1C, and 1D, and to the companion mixes 
calling for identical water-cement ratios, and adding the gravels in their 
dried condition. Table 5 gives absorption and other data for the aggregates. 


MAKING TEST CYLINDERS 

The concrete mixer was a 3-cu ft Essick, Model 350K. 

Concrete sand was secured from one plant. Shortly before concrete mix- 
ing started, sand was placed damp on a concrete slab and covered with a 
waterproof tarpaulin. For each batch quantity, the cover was turned back, 
the sand was shovel-mixed, tested for moisture content, and the correct 
weight put into the mixer. 
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TABLE 9—RELATIVE RATTLER LOSS PERFORMANCE 


Variation of compressive strength—4-in. slump and 5.87 sacks of cement per cu yd 
j 
Aggregate Rattler loss Relative Water, gal. 28-day Strength loss 
class } grading A rattler per cu strength, 
500R, percent loss, percent yd psi 


42.4 0. 34.8 3876 
45.5 7 35.3 3770 
35.8 
35.4 


50.6 If 
57.4 3 


‘ 3542 
$319 


Variation of cement factor—4-in. slump and 3876 psi 


Sacks per cu yd 
Aggregate Rattler loss Relative Water, gal. Cement, sacks increase 
class grading A, rattler per cu per cu 
50OR, percent loss, percent yd vd Sacks percent 


0.0 


4 34.8 5.87 0 
B 5.! 7.3 3 
C 3 

3 


3 6.00 0 
Ss 6.28 0 
4 6.58 0 


19.3 
D 35.4 


oo 


See columns X2 and X3 in Table 7. 


Portland cement met ASTM Designation C 150, Type II. It was ob 
tained from one manufacturer and consisted of fresh material successively) 
sacked. 

Waxed paper molds were used. Concrete cylinders were capped the day 
after fabrication with a sulfur compound and placed in a constant tempera- 
ture moist closet. 

Kach batch of concrete was retained in the laboratory mixer 12 min to 


the point of discharge, and fabrication of cylinders was completed in 22 
min from the first wetting of the coarse aggregates. While it is considered 
improbable that dry gravels could become saturated in 22 min, the lowe 


slumps with higher rattler loss gravels indicate considerable absorption. 
The compressive strength results are given in Table 6. 


THE NET WATER CONTENTS 


In the original report to the Board of Public Works, data for the concret: 
mixtures were given in terms of the mix per sack of cement, but the water- 
cement ratios could not be stated because the degree of absorption of the 
various gravels was unknown, as indicated above. 

From valuable information given by Stanton Walker after the first report 
was issued,* the authors have computed the quantities per cubie yard; cement 
and water content, on the assumption that 60 percent of the possible 24-h 
absorption was completed by the gravels in the 22 min taken to fabricat 
the cylinders. These data are given in Table 7. 

A study of the comparisons afforded by this table indicates the grave 
did in fact absorb approximately this amount of water from the total added to 
*Mr. W alker commented on the report as follows: “It is, unfortunately, true that a very considerable amoun 
absorption can take place in 22 min. I made some studies of that problem a few years ago. The relations! 
reasonably well represented by a straight line when absorption is plotted linearly in comparison with time 
pressed logarithmically. By various devices I arrived at a period of about 5 sec as representing zero absorpti 


If that assumption is valid, or even approximately so, then the absorption at 22 min can be calculated to be aln 
60 percent of that at 24 hr.” 
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Fig. 1— Variation of compressive 
strength of concrete with Los Angeles 
rattler loss of aggregate 
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the batches. This is shown by the close agreement between the cement con- 
tents computed by absolute volumes and with the measured weight of fresh 
concrete per cubie foot. 


COMPRESSIVE STRENGTH VERSUS RATTLER LOSS 


The last column of Table 7 gives the average of eight mixes for each of 
the four coarse aggregates, A, B, C, and D, together with the average com- 
pressive strengths. Since the combined gradings of the mixes with the same 
number, or those in the same column, were made as nearly identical as possible 
for the four classes of aggregates, it follows that the combined gradings are 
likewise identical in the averages. The four averages, however, have different 
cement factors, unequal slumps, and differing strengths. To make a proper 
comparison of strength versus rattler loss, it is necessary to reconstruct 
these average mixes to give equivalent mixes having identical slumps and 


cement factors. This can be done by the same operations used in proportion- 


ing concrete mixes to fit specifications, employing some forin of strength 
water-ratio chart, then computing the compressive strengths to fit the new 
conditions for slump and cement factor. 
The authors have made use of Duff Abrams’ well known formula: 

14,000 

Ke 
where S is compressive strength at 28 days; x is water-cement ratio in gallons 
per sack of cement; and K is a constant depending upon the cement, combined 


a 
Oo 





wn wm 
42. roa 


- 
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Fig. 2—Variation of cement require- 
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grading, workability, and, in the present investigation, upon the rattler loss of 
the aggregate. 

The change in slumps to an identical slump of 4 in. was approximated }y 
the percentage changes per 1-in. difference in slump published in the Bureau 
of Reclamation Concrete Manual, 1942, p. 141. 

The results of these changes for the average mixes are given in Table 8 
The mixes in column X, of this table show the transition in each case from the 
average slump to that of 4 in. with the corresponding changes in cement 
factor and strength. Column X,2 is computed with 5.871 sacks per cu yd for 
all four classes of aggregates, with the corresponding compressive strengths 
This column provides the nearest criterion of the effect of rattler loss quality 
by the ratio of the strengths to that of 3876 psi. Column X; is of interest 
to the concrete consumer, since it gives a comparison of the cement factors 


required by the various classes of aggregates to provide the same compressive 


strength. 
CONCLUSION 


When San Fernando Valley aggregates with L. A. rattler losses between 42 
and 58 percent were tested in normal concrete (Table 9), the following indi- 
cations were obtained: 

1. The average of three 6x 12-in. cylinders gives a reliable indication of 
the compressive strength with high as well as low loss aggregate. 

2. Each increment of 1 percent in the L. A. rattler loss will decrease 1 
compressive strength approximately 1 percent (Fig. 1). 

3. Each increment of 1 percent in the L. A. rattler loss will require 0.8 
percent more cement to maintain equal compressive strengths (Fig. 2). 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 





Title No. 52-35 


Damage Due to Freezing of Fresh Concrete 


By C. J. BERNHARDT? 


SYNOPSIS 


When fresh concrete is exposed to sufficiently low temperature, the fre 
water in the concrete is cooled below its freezing point and transforms into ic¢ 
This is followed by an expansion which under normal circumstances is about 9 
percent. Some tests were made at the Concrete Research Laboratory of the 
Norwegian Institute of Technology to study to what extent the quality of 
concrete is influenced by such a freezing. The results agree with those ré ported 


bv McNeese in 1952.f 


TEST PROCEDURE 


The decrease in compressive strength of concrete cubes which have been 
frozen, compared with the compressive strength of unfrozen cubes was used 
as a measure of the influence of freezing on concrete quality. It was assumed 
that this decrease gives a reasonable idea of the damage to the concrete, 
assuming that the two concretes compared have had the same effective time 
of curing in the unfrozen condition. 

Test specimens were 10 x 10 x 10-cm cubes made of different mix propor- 
tions. Some of these cubes were cured normally, that is, during the first 
24 hr after casting they were kept in laboratory air of about 18 C (64.4 F 
\fter that the specimens were removed from the forms and kept in a curing 
room at 20 C (68 F) and 100 percent relative humidity until the time of the 
compressive testing. 

The remaining cubes were handled in the same way except that they under- 
went a single period of freezing in a freezing room where the air temperature 
was controlled to + 2C (3.6 F). In some cases the freezing temperature 
was — 6C (21 F) while in others it was ISC (OF). The cubes were 
kept in the freezing room for different lengths of time, but this time is not 
included in the effective curing time. The effective curing time was in gen- 
eral 28 days, but in some tests it varied from 3 days to 60 days 

In setting up the tests it was supposed that the age ot concrete at the be- 
ginning of freezing would be an important factor. This factor was therefore 
varied over a wide range, from immediate freezing up to an age of 12 days 
at the beginning of freezing. 

*Received by the Institute Dec. 13, 1954 
ONCRETE Institute, V. 27, No. 5, Jan. 195¢ 
Discussion (copies in triplicate) should reach the Instit 
Rd., Detroit 19, Mich. 

Laboratory Engineer, Concrete Research Laboratory 


t{MeNeese, Donald, ‘Early Freezing of Non-Ai: 


203 
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Fig. 1—Effect of freezing at 
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A few tests were made with alumina cement and with admixtures of CaC] 


and an air-entraining agent, but the major part of the tests was with ordi- 


nary concrete containing Norwegian portland cement of normal quality which 


corresponds to ASTM Type I. Crushed river gravel was the coarse aggre- 


gate and river sand was the fine aggregate. 


RESULTS OF COMPRESSION TESTS 


Results of the compression tests are presented as a ratio of the compressive 


strength of the frozen concrete to the compressive strength of the corre- 


sponding unfrozen concrete. This ratio in percent, called the relative com- 
pressive strength, indicates the influence of freezing provided the two coi 


cretes have had the same effective curing time at 20 C (68 F). A concret 


that has been damaged, as most of the frozen specimens were, has a relative 


compressive strength under 100, and an undamaged concrete has a relativ: 
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compressive strength equal to or greater than 100. The compressive strength 
of the frozen concrete was taken as the mean value of three similarly handled 
specimens. The compressive strength of unfrozen concrete was taken as the 


mean value of six specimens, for statistical reasons. 


Series 1.1 to 1.5 give general information on the reduction in compressive 
strength when a concrete is frozen at a relatively early age. Some of the 
results are presented in Fig. 1, 2, and 3, to show the connection between the 
age at the beginning of freezing and relative compressive strength. As can 
be seen there is a relatively great dispersion in the results and this is also 
valid for the other series; the reason may be the rather complicated curing 
treatment of the cubes. The four different concrete qualities, with ¢ w ratios 
ranging from 1.0 to 2.5, received about the same amount of frost damage 
which seemed to be independent of the freezing temperature The decrease 
in compressive strength is about 35 percent for fresh concrete, and about 
15 percent when freezing took place after 4 hr. Freezing after 8 hr resulted 
in a reduction of 5 percent, and freezing after 24 hr no decrease at all. These 
values arise from the mean values of all concrete qualities and are the same 
for freezing at — 6 C (21 F) and for freezing at ISC (OF 


The concrete in the specimens was inspected closely after compressive 


testing for traces of ice crystals. Such traces could be seen in all specimens 
frozen immediately after casting and in nearly all specimens frozen after 4 
hr of curing. In specimens frozen at later ages no traces of crystals could be 
found except for a few cured for 8 hr. Strength reduction of any importance 


only seems to appear in those cases where ice crystals were present. 


When freezing took place after 2 to 8 days of curing, compressive strength 
increased. This has not yet been explained, but the increase is noted in all 
five Series 1.1 to 1.5 and it is therefore not believed to be accidental. The 
freezing time in these series was 48 hr and the compression test of the cubes 
was made after 28 days of effective curing. 
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Fig. 4—Effect of freezing 
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In Series 2, 3, and 4 the freezing period, effective curing time, and con- 
sistency of the concrete were varied. The results are presented in Fig. 4 and 5 
The damage seems to increase slightly with increasing freezing time and wit! 
increasing amount of cement paste. The differences in relative compressiv: 
strength are, however, rather small. The results from Series 4 (left side of 
Fig. 5) indicate that the damage is permanent as the relative compressiv: 
strength does not seem to depend on the length of the effective curing time. 

Alumina cement was used in Series 5. The results were rather irregulai 
as can be seen from Fig. 6. This series was therefore repeated on an extended 
scale. The reduction in compressive strength is about 30 percent for fres| 
concrete and about 12 percent when the freezing is done 4 hr after casting 
Freezing after 8 hr of curing gave no reduction at all. 

The addition of CaCl, to the concrete was tried in Series 6, with 2 percent 
and 4 percent CaCl, by weight of cement. No effect of this admixture could 
be found for the two freezing temperatures (— 6 C (21 F) and—-18C (OF 
used in these tests. Fig. 7 shows relative compressive strengths for Series 6 
together with the mean values for Series 1.1 and 1.2 for comparison. 
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The behavior of air-entrained concrete under a single freezing at an early 
stage in the curing period was studied in Series 7. The values for the relative 
compressive strength with 5 percent entrained air are shown in Fig. 8. The 
results from Series 7.1 were irregular; but examined together with Series 7.2 


the results do not indicate any significant influence of air entrainment. 


FREEZING AND THAWING TESTS 


It is likely that changes in the concrete caused by a single freezing early 
in the curing period will affect not only the compressive strength, but other 
properties as well. Only preliminary tests concerning the resistance of frost 
damaged concrete to repeated freezing and thawing have so far been made 
The limited data from these tests do not warrant final conclusions, but the 
results so far indicate that resistance to repeated freezing and thawing is not 
affected by a single freezing early in the curing period. 


DISCUSSION OF TEST DATA 


Compressive strengths were influenced significantly only in those cases 
where traces of ice crystals were found. The ice crystals seem to have formed 
on the surface of the aggregate particles, and it is believed that these surfaces 
offer comparatively little resistance against the growing ice crystals when the 
concrete is cooled below 0 C (32 F) and ice crystals start to form. The ice 
erystals form from the water in the concrete in the immediate vicinity of the 
crystal germ, but later the growing crystal extracts water from the con- 
tiguous mortar. Thus the mortar is forced to render space to the cry stal 


and in this way a special type of separation occurs when the concrete freezes. 


This process is not reversible for when the concrete thaws, the ice melts away 


and leaves behind water-filled cavities which separate the aggregate particle 
from the surrounding mortar. These cavities will not grow together during 
later curing. This must be true as traces of ice crystals were found after the 
compression tests. There is reason to believe that the formation of these 


cavities accounts for most of the decrease in compressive strength 
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Fig. 7—Effect of calcium 

chloride on damage to con- 

crete frozen at early ages 
—Series 6 
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When freezing was done at an age of 8 hr the reduction in compressive 
strength was comparatively small. The quantity of free water in the con- 
crete is much less at this age than in fresh concrete. In addition the trans- 
port of water to the growing crystal germ is more difficult. 

Fig. 9 gives some results of the time-temperature measurements made with 
copper-constantan elements in different locations in some of the cubes. The 
deviations from the curves were rather small. The horizontal parts of the 
curves at about — 0.5 C (31 F) represents the delay caused by the formatior 
of ice. 

As stated above we found nearly the same decrease in compressive strength 
for freezing at — 18 C (0 F) as for freezing at — 6C (21 F). In practical 
winter concreting, however, the lower temperature is of course more dangerous 
as it is more difficult to protect the concrete against frost. The fact that the 


damage increased slightly with increasing freezing time may be due to the 
longer time in which the erystal is able to drain the mortar. 


It had been assumed that concrete with high cement paste content should 
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Fig. 9—Temperature drop in specimens during freezing 


be more susceptible to frost damage than conerete with less paste. This 
assumption has not been confirmed within the limits of cement pastes used 
in these tests. It is, however, possible that the resistance to a single freezing 
would be influenced by a more extreme variation of the amount of cement 
paste. 

The smaller damage which occurred when alumina cement was used must 
be due to the greater speed of hydration. The same effect was expected where 
CaCl. was used as an admixture to portland cement, but this was not verified 
in these tests, where the freezing temperatures were —6C (21 F) and Isc 
(OF). It is still believed, however, that a suitable admixture of CaCl, is ben- 
eficial in practical winter concreting. 

It is well known that hardened air-entrained concrete offers great resistance 
to repeated freezing and thawing. This fact has been explained in different 


ways. The most likely explanation is that the system of air bubbles (where 


the air bubbles amount to about 5 percent of the concrete or to about 15 per 


cent of the cement paste) prevents, or at least reduces, the formation of the 
great internal pressure that occurs in normal hardened concrete when the 
concrete is frozen in a water-saturated condition. The beneficial influence 
of the air bubbles is not effective until the conerete has hardened sufficiently. 
In fresh concrete ice crystals form independently of the existence of air bubbles, 
and the decrease in compressive strength should be about the same for air- 
entrained concrete as for normal concrete. This is in agreement with the 


results of the compression tests. 
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CONCLUSIONS 
The test results lead to the following conclusions: 
1. Freezing damage to young concrete occurs through the formatior 
of ice crystals. 


2. Damage was independent of the freezing temperature and of the 


mix proportions of the concrete. 

3. The decrease in compressive strength was about 30 to 40 percent 
when concrete was frozen immediately after being placed in the molds 
When the concrete was frozen after 8 hr the decrease was much smalle: 
and when the freezing took place after 24 hr the effect was negligible 

4. Concrete damaged in this manner will not recover strength equiva- 
lent to unfrozen concrete. 

5. Conerete with alumina cement showed less damage, especially 
when freezing followed 4 hr of curing. 

6. The length of freezing time (between 2 and 28 days) did not show 
any particular influence on the decrease in compressive strength. 

7. Air-entraining admixtures did not show any influence on frost 
damage to fresh concrete. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNAL. In Proceedings V. 52 discussion immediately 


follows the June 1956 JourNAL pages. 


DER BS PMA: Ae 





Be an eee 


eS a 
a ee 


Title No. 52-36 


Effect of Aggregate on Shrinkage of Concrete 
and a Hypothesis Concerning Shrinkage 


By GERALD PICKETT} 


SYNOPSIS 


A theoretical formula is derived for effect of aggregate on shrinkage of con- 
crete during drying. Experiments designed to test the validity of the formula 
are reported. 

In addition to indicating the validity of the formula, the data give the follow- 
ing indications: (1) First shrinkage is greater than any subsequent expansion 
or shrinkage resulting from moisture change. (2) At a given aggregate con- 
tent the shrinkage is approximately proportional to water-cement ratio. (3 
After first shrinkage, subsequent volume changes are approximately inde- 
pendent of water-cement ratio. (4) When shrinkages of specimens of the 
higher water-cement ratio are plotted against the square root of period of 
drying, the shapes of the curves for second shrinkage are appreciably different 
from those for first shrinkage in that they have considerable curvature near 
the origin. An explanation of these effects is given 


INTRODUCTION 


A number of years ago, while at the Portland Cement Assn., the author 


arrived at a theoretical formula for effect of aggregate on shrinkage of con- 


crete or mortar during drying. Experiments designed to test the validity of 
the formula gave results that were in fair agreement with the formula. How- 
ever, certain factors in the formula which should depend on properties of 
the paste varied with conditions of drying and therefore led to the conclusion 
that the hydrated paste did not always have the same properties. The pur- 
pose of this paper is to present the theoretical formula, experimental results 
that were obtained, and speculations in regard to the paste that resulted from 
a study of the data. 


DERIVATION OF FORMULA 


In deriving the formula, consideration is first given to effect on shrinkage 
of one small, spherical particle of aggregate in a large body of concrete, the 
surrounding concrete considered to be a homogeneous material. This ap- 
proach is similar to that of Guth! and Dewey,? who were. concerned with 
the effect of fillers on elastic properties. The restraining effect of aggregate 


« 
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on shrinkage of concrete was pointed out by Carlson.* On the assumption 


that both the particle and the rest of the body are elastic, an expression is 
derived for reduction in over-all shrinkage of the body due to the one small. 
nonshrinking particle. This provides a formula for the effect of adding each 
subsequent particle if the body including all particles added previously is 
assumed to be homogeneous. This formula is then expressed in differentia] 
equation form and an integration made to obtain the final formula. 

It will be expedient to consider that the small, spherical particle is at the 
center of the body of concrete which is also a sphere. If the particle is small 
compared to the shortest distance from it to the concrete surface, no great 
error will be introduced by treating the concrete as spherical with a radius 
equal to that distance. The restraint of the small sphere as the large sphere 
tends to shrink will cause the following stresses in the large sphere.* 

pa® h — 73 
at om 
pa® b 
~ 2r? be 
where o, = normal stress in the radial direction 
either of two normal stresses perpendicular to the radius 
radial coordinate 
radius of inner sphere 
radius of outer sphere 
= unit pressure between inner and outer spheres 
Under these conditions of spherical symmetry, radial displacement 6 of any 
point in the outer sphere caused by the restraint of the inner sphere, and 
referred to the unrestrained position, is 


, 
§ = (l — Oo: — po, |. 
aaa 


where / and uw are Young’s modulus and Poisson’s ratio, respectively, for 
the outer sphere. 
From Eq. (1), (2), and (3) 


pa*| 1 — p b* + 2r' b? — r ; 
= — - - + 4 ———— (4) 
Er? 2 b3 — a’ . b3 — a3 


The restraint of the inner sphere has reduced the volume shrinkage of the 
total body by the amount 


#5 3paV /1 —»\ 30? 
4mrb*5 = —— | — \ 
jr=b E 2 b§ — a3 


where AV = 4/3 xa* is the volume of the small sphere. 

If the restraint had not been present, the body would have reduced i 
volume by 3SV, where V is its total volume and S is the unit linear shrinkage 
The reduction in volume shrinkage will therefore be designated as — 3A SV, or 


3p AV (1 — 3b3 
-3A8V = —— -)— - Pag see 
E 2 b? — a 


Another expression containing the pressure p will be found by considering 
the compressibility of the restraining particle. Reduction in volume of the 
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rticle caused by pressure p on it will be equal to the reduced space avail- 
le to it within the larger body, or 
(1 — Qu, pAV ; 
“ : = 3S AV — 42a’ 
E, a 
where E, and yw, are the elastic constants of the particle and 6 is given by 
iq. (4). 
Eliminating p between Eq. (6) and (7) and setting b/a © gives 
- ASV = aS AV 
where 
3 — p) 
-p +21 — 2y,)E/E 
Setting b/a = @ will introduce an error especially for particles close to the 
surface. However, it is believed that this error is not relatively as important 
as others entering this derivation. 


Let volume of aggregate per unit volume of mix be g; then the increase in 
q due to the addition of one particle of volume A V to the mixture will be 
gV + AV AV 


Ag = —gqg=(l1—aq) - (10 
it 3 A vy + al 


From Eq. (8) and (10) 
AS adg V +AV 


1 - qd V 
differential form, 
adg 


l g 


The factor @ is probably a function of g since the elastic constants of the 
mixture, # and uw, may depend on g. But if a may be considered to be inde- 
pendent of g, then Eq. (12) integrates to 

S = S.(1 — g)@ 13 
where Sp is the shrinkage that would occur if no aggregate were present 
For later use this equation may be written in the form 

Ss 1 


log g =a log 


A 


TESTS 


To test the validity of the formula, 1 x 7% x 11!4-in. prisms were prepared 
with various percentages of aggregate ranging from 0 percent to about 70 
percent by volume. Three different types of aggregate (pulverized silica, 
standard Ottawa sand, and graded Elgin sand) were used to determine whether 
size and gradation of aggregates would also be an appreciable factor. Two 
cements, a high-early-strength and a normal, and two water-cement ratios 
were used to determine in what way the effect of aggregate might be in- 
fluenced by type of cement. and water-cement ratio. 
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TABLE 1—GENERAL OUTLINE OF Later it was decided to investig 
CONDITIONS IN STUDY* 


reversibility of volume changes of th: 


Percent | specimens. For this purpose specim: 
aggregate : “ 
Cements used | Aggregates used | by abso- | W/C were alternately submerged in water 
ute vy . 
volumet jweight and dried in air. Each drying was 


a | een Seer o  |°% — at 50 percent relative humidity for at 
standard Ottaws 15 0.35 Sr cin . . 
alii: hil eee — 30 > least 224 days and each period of wet- 
f four brands |Graded Elgin sand 50 eee . eS a 
of — ae Sn Geet re ting was 84 days. This work was be- 
*Specimens were sealed in steel molds %x1x114% gun in January, 1942, and continued 
in., that were stood on end for 2 hr during setting of F 
mortar. Each mold was turned end-for-end every 5 for about z years. 
min. Curing was for 7 days under water at 78 F. 
Drying was for 224 days or longer at 50 percent relative 
humidity, 76 F and the wetting period was 84 days 
under water at 74 F. Two specimens were made of 
each combination, a total of 72. 
+As will be noted later, there were slight deviations 


FB aan Pramas Arg Mixes containing up to 5 percent 

aggregate were too wet and those with 
50 percent or more were too dry for preparation of reasonably homogeneous 
specimens. Repeated reversal of the position of the molds during setting 
tended to offset some effects of bleeding, but many of the wet mixes were 
blemished because of the combined effects of bleeding, shrinkage in absolute 
volume, and periodic turning of the molds. Some dry mixes had a high 


percentage of air voids though in most cases percentage of air was kept low 


Table 1 gives the general outline of 
conditions covered in the study. 


by vigorous tamping. The wide range in plastic properties of the mixes may 
account for some of the nonuniformities in results. 

Shrinkage during drying and expansion during wetting for the specimens 
made with high-early-strength cement are shown graphically in Fig. 1 and 2 
Similar results were obtained with normal cement but are not shown. 

Final shrinkage indicated by each curve was estimated. These results are 
given in Table 2. 


The quantities log So/S and log 1/(1 — g) were computed from Table 2 
and plotted’in Fig. 3. According to Eq. (14) the data should be repre- 
sented by a straight line passing through the origin. The data for W/C = 
0.35 are represented fairly well by such a straight line with a slope a equal 
to 1.7. Various combinations of the elastic constants in Eq. (9) would make 
a = 1.7. A reasonable assumption that would give this value is: yu = 0.2 
we — 0.25, E/E, = 0.21. 

Data for W/C = 0.50 are not represented as well by a straight line. Th 
line shown has a slope of 1.7. Points which lie farthest from the line are for 
mixes that were stiff and when cast contained a considerable percentage o! 
air voids. If these points are neglected, the agreement is excellent. 

On the basis of data obtained it is concluded that the derived formula gives 


a good representation of the effect of aggregate on ultimate shrinkage due to 
change in moisture. 





EFFECT OF AGGREGATE ON SHRINKAGE 





Other ideas suggested by 
the data 

In addition to indicating 

e validity of the formula 

the effect of aggregate 

on shrinkage, the data give 

the following indications: 


length-change in millior 


First shrinkage is 
ereater than any subse- 


Unit 


quent expansion or shrink- 





age. (2) At a given aggre- 
gate content first shrink- 





age is approximately pro- 





portional to water-cement 
ratio. (3) After first 
shrinkage, subsequent vol- 
ume changes are approxi- 
mately independent — of 
water-cement ratio. (4) 
When shrinkage of speci- 
mens of the higher water- 
cement ratio is plotted 





against the square root of 





period of drying, the shapes 
of the curves for second 
shrinkage are appreciably 
different from those for 
first shrinkage in that they 
have considerable curva- 





ture near the origin. 





In general these four 
indications were either not 
expected or not expected 
to the degree indicated by 
Fig. 1 and 2. Some of the 


change in behavior might 
have been due to carbo- 
nation during the first dry- 
ing period, but the major 
change is believed due to 
other causes, as will be 








Fig. 1—Shrinkage during drying and expansion 
during wetting for pulverized silica, Ottawa sand, 
and Elgin sand using high-early-strength cement 
discussed below. and WC = 0.50 
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HYPOTHESIS ON GEL 
STRUCTURE 


onths 


As a basis for an expla- 
nation it is proposed (| 


First Shrinkage that during first shrinkage 


some adjacent particles of 
the cement gel move closer 
together, whereas other 
move farther apart, and 


Unit length- change in mil! 


(2) that; in general, parti- 











cles that have once made 
close contact will not re- 
turn to their original rela- 





tive positions with sub- 
sequent wetting. 


Offawa sand 
we 035 No definite picture of 
gel structure before first 
First Shrinkage 0 oorepan shrinkage is required for 
nneoeniill this analysis except that 
13% Expansion | the gel be slightly altered 
Second 


1 by the first shrinkage. As 


Unit length-change in millionths 


water is removed, inter- 








particle forces will change, 





necessitating relative 
movements between parti- 
cles for equilibrium of indi- 





vidual particles. If these 
relative movements fol 
each pair of particles ai 


not in proportion to the 


ge in millionths 


original distances between 
their centers, the arrange 


ment will be considered to 


Jnit length-chan 


l 
L 


have changed. 








If only discrete colloidal 





Square root of days exposed particles were present 

shrinkage of hydrated 

Fig. 2—Shrinkage during drying and expansion 
during wetting for pulverized silica, Ottawa sand, . , 
and Elgin sand using high-early-strength cement "tly like that of sols 
and WC = 0.35 and show a shrinkage limi! 


cement might be more 
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TABLE 2—FREE SHRINKAGE OF SPECIMENS OF VARIOUS PERCENTAGES 
OF AGGREGATE 


Shrinkage in millionths 
First shrinkage Second shrinkage 
Ottawa Elgin Ottawa Elgin 
sand sand sand sand 


0.50 


5870 
5350 
3720 
2700 
1650 

SYO 


i.c., down to some limiting shrinkage, it would show a shrinkage in volume 
comparable to the volume of water lost. However, in concrete, restraining 
bodies act from the beginning of drying to reduce shrinkage.* The restrain- 
ing bodies are the aggregates, unhydrated cement grains, and stable micro- 


crystalline products of hydration. There would, of course, be some differ- 





Pulverized S$ 


and 


st Ottawa 











0.6 0.0 0.2 
| ! 
109 7 g 
Fig. 3—Effect of aggregate on shrinkage 
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ence in the intrinsic shrinkage of cement gel and soil because of the bo 
between gel particles. Experiments show that concrete shrinkage instead 
being about equal to volume of water lost is ordinarily only about 2 to 7 »: 
cent as much. When shrinkage is not equal to loss of water, spaces 
form and hydrostatic tension must result. A given gel particle will be uw 
tensile forces tending to pull it toward adjacent particles. These forces may 
be intense, as is shown below by the relation between hydrostatic tension 
and relative humidity. Under the conditions for which Kelvin’s equation 
for the curvature of a meniscus in equilibrium with its vapor applies, the 
intensity of hydrostatic tension of water at room temperature is given by 
T = — 19,600 log, h 
where T = hydrostatic tension in psi 
h = relative humidity 
For example, if h = 0.98, T = 392 psi and if hk = 0.50, T = 13,600 
Kelvin’s equation probably is not applicable when radius of curvature is 
only a few molecular diameters. 


Under the action of forces of hydrostatic origin some adjacent particles 
will be pulled or pushed closer together while other adjacent particles will be 
pulled farther apart. As two adjacent particles are brought closer together, 
large compressive forces at the points of closest approach will naturally 
arise from intermolecular repulsion. These compressive forces should in- 
crease with increase in nearby tensile forces so that the particles remain 11 
static equilibrium. As a result of high contact pressures, the particles wil 
probably develop chemical or surface bonds which will tend to prevent futur 
separation of particles, even after hydrostatic tension has been decreased by 
increase in water content. 

The above considerations lead to the conclusion that the first shrinkage a 
ters gel structure so as to change size distribution of spaces between particles 
Larger spaces will become larger and smaller ones will become smaller be- 
cause in general those particles that were closest to each other are brought 
even closer together and those particles that were separated by larger spaces 
are pulled farther apart. In this analysis it is not necessary to decide whether 
the spaces under consideration are the capillary spaces or the much smaller 
gel pores or both. If the spaces are capillary spaces, then the word “‘particle”’ 
refers to the capillary walls rather than to individual gel particles. 


Application of the hypothesis to test results 


The first shrinkage is greater than any subsequent expansion or shrinkag’ 
(indication 1, p. 585) because the arrangement of gel particles and groups ol 
gel particles is changed during first shrinkage. At a given aggregate cont 
the extent of first shrinkage should increase with increase in water-cem 
ratio (indication 2, p. 585). The original spacing of cement grains depends 
on the water-cement ratio and therefore the average spacing of the gel par- 
ticles in their first arrangement should also depend on water-cement rat 
More motion during first shrinkage is possible with greater spacing. 
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\fter the first shrinkage subsequent volume changes are approximately in- 
iependent of water-cement ratio (indication 3, p. 585) because after once 
iaving been dried the spacing between adjacent gel particles should be more 

function of humidity and of the corresponding degree of drying than of origi- 
al spacing. The gels from mixes of higher water-cement ratio will have a 
nore open structure between agglomerations of particles but not necessarily 
iny greater capacity for changes in volume. This last statement is in accord 
vith the conception of gel structure given by Powers. On the basis of various 
experiments he concludes that the gel substance has a characteristic spacing 
of the gel particles.°*7 

The difference in shape of the curves for first and subsequent shrinkages 
indication 4, p. 585) is attributed to both the change in distribution of cap- 
illary sizes and to the fact that stabilization takes place during first shrink- 
age but does not occur appreciably during subsequent shrinkages. In any 
given region in the specimen most of the water in the larger capillaries must 
be lost before appreciable hydrostatic tension can be developed. During 
the first shrinkage, before gel structure has become stabilized, appreciable 
shrinkage can take place with little hydrostatic tension. Sut after the gel 
has become stabilized, larger interparticle forces are required to produce 
comparable shrinkages. The pastes of lower water-cement ratio do not have 
many large capillaries and therefore, in drying, soon reach the linear portion 
of the shrinkage versus square-root-of-time relation even though the gel 
has been stabilized. Moreover, the gels in pastes of low water-cement ratio 
undergo relatively little structural change during first shrinkage because of the 
original close particle spacing. 

From the above picture it would appear that all volume changes after the 
first shrinkage should be fairly reversible; however, shrinkage stresses result- 
ing from nonuniform drying or wetting and chemical changes will no doubt 
cause some change in the structure and therefore prevent complete reversi- 
bility. 


Explanation of plastic properties of hardened concrete 

As noted by many investigators, concrete has the capacity tor a com- 
paratively large amount of creep and the apparent rate of creep for a given 
stress is relatively large if loads are applied during drying. Although an 
attempt was made in an earlier paper*® to show that at least a part of this 
effect was a natural consequence of nonuniform shrinkage and a nonlinear 
stress-creep relationship, no satisfactory explanation has been given for the 
large capacity for creep without failure in tension (cracking) that concrete 
has while drying as compared to its smalle1 capacity ior creep before or after 
drying. 

By assuming that gel particles change their relative positions, some making 
closer contacts and others separating during drying, we can understand 


the large capacity for creep which concrete has while drying. The picture 


is that each small community of particles will undergo considerable distor- 
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tional deformation. However, because these deformations are miscellaneous 
orientated, a region consisting of many such small communities will ap 
parently have no distortion. But if a small stress in a given direction 
added, the region will have a resultant distortion which could be of co 
siderable magnitude if high interparticle stresses are also present. After the 
gel particles have acquired stable positions, the rate of creep will be much 
less for a given stress and the capacity for creep will be materially reduced 
for the action just described cannot take place. 
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Bridges 
New Northam Bridge, Southampton 


RANK L. WootripGe, Joun Cureret, and Knup R 
Haccn, Proceedings, Institution of Civil Engineers 
London), Part I, V. 4, No. 3, May 1955, pp. 269-298 
ncluding discussion 

ARON L. 


Reviewed by MIRSKY 


and construction of five- 
105 ft—85 ft 
Width between parapets 


Describes design 
85 ft-three at 
Itchen. 

is 65 ft (two 22-ft roadw: avs separ: ated by a 
5-ft mall, plus two 8-ft sidewalks Deck is 
composed ol pre-tensioned precast T-beams, 
rendered 


crete and 


span bridge ove! 


the River 


monolithic by cast-in-place con- 


prestressed transversely Con- 


tinuity over the piers is provided by pre- 


tensioned precast junction slabs and _ solid 
the ‘“column’’ 
flexible 
to absorb expansion and contraction of the 
superstructure but bonded into the deck by 
Deck thus acts a 


simply supported for most of the dead load, 


diaphragms over the piers; 


supports inside the piers are made 


the cast-in-place concrete 


but as continuous over the five spans for the 
‘load and the 
by virtue of the 


remainder of the dead load, 


composite action of the pre- 


cast and in situ concrete 


The Skuru bridges of 1915 and 1955: 
a comparison (in Swedish) 


G. Ensxoea, Betong (Stockholm), V. 40, No 


83-105 


2, 1955, py 
Reviewed by MarGaret Corsin 
The old bridge over the Skuru Sound near 
Stockholm, 1915, one of the 


largest concrete bridges of its time, consisted of 


completed in 


three arches, one with free span of 220 ft and 
two of 150 ft each. 
was 860 ft and its 


Total length of the bridge 
width 15 ft The 
shaped wood scaffolding used Is described 


lan- 
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was widened and serves for one- 


Traffic 


over a 


This bridge 


way traffic today in the other direc- 


tion passes separate bridge beside 
dimensions as 
welded steel 
High quality 
superstructure 


1915 and 1955 


the old one, of same design and 
the widened old one Entirely 


arch centering is described 
reinforcement was used in the 


Costs are compared for 


New Moselle Bridge, its traffic problem 
then and now (Die Neve Moselbruecke, 
ihre Verkehrsprobleme frueher und 
jetzt) 


Ernst Bitzecen ¢ Bau ; 
No. 8, Aug. 1954, pp. 273-277 


New Moselle Bridge in Coblenz (Die 
Neve Moselbruecke in Koblenz) 


Unricu Finsterwacper and GeorG Knirret, D 
Bauingenieu Berlin), V. 29, No. 8, Aug. 1954 


278-204 


PI 


Construction of the “‘New Coblenz 
Moselle Bridge”’ (Die Baudurchfueh- 
rung der ‘“Neven Moselbruecke 
Koblenz’”’) 


KARLHEINZ Grigs and Hanz Scuw ARZER ine Bauir 
genieur (Berlin), V. 29, No. 8, Aug. 1954, pp. 295-304 


Architectural form of the New Coblenz 
Moselle Bridge (Die architektonische 
Gestaltung der Neven Moselbruecke 
Koblenz) 


Gerp Loumer, Ds auinger Berlin \ 
No. 8 Aug. 1954 


PP 
teviewed by 


Arnon L. Mrresxky 


The entire this 
devoted to the new Moselle bridge 


main section ol issue is 
at Coblenz 
Structure, 
1100 ft 


cantilever’’ 


a three-span hollow (box) girder 


long, was constructed by the Lre¢ 
method and is prestressed both 
article 
Enainee ring \V ews- 


1955, pp. 77, 81 


longitudinally and transversely (cf 


by A. E 
Record. 


Komendant, 


Jan ai, 


Proceedings 
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First paper is concerned primarily with 
traffic (including horse-drawn vehicles) and 
the design of the bridge approaches. Second 
article is devoted to the structural design, 
while the execution is covered in the third. 
Fourth paper discusses briefly some of the 
architectural features of the bridge, com- 
paring the previous (war-destroyed) and the 
new 


spans. A fifth paper (reviewed sepa- 


rately—see below) concerns one special aspect 
the effect of the heat 


of hydration of the cement in the massive 


of the construction 


placements. 


On the temperature stresses of the 
main girder of the New Coblenz 
Moselle Bridge due to the hydration 
process of the cement (Ueber Waerme- 
spannungen der Hauptraeger der 
Neven Moselbruecke Koblenz infolge 
des Hydratationsprozesses des 
Zements) 


A. Meumet, Der Bduingenieur 
Aug. 1954, pp. 308-310 
Reviewed by 


Berlin), V. 29, No. 8, 


Arnon L. Mirsky 
“free 


the 
cantilever’ process [see above]; the 3 m long 


Bridge was constructed by 


the end of a 
cantilever was thus separated from the ‘“‘old’’ 


concrete by a 3 m 


section of ‘“‘fresh’’ concrete at 


section of ‘“‘new”’ con- 
crete, whose temperature was increased by 
the hydration of the concrete. To eliminate 
part of this heat and thus avoid cracking 
and other troubles, cooling tanks were pro- 
vided on the scaffolding. Temperature inside 
the fresh concrete determined when cooling 
Article includes mathematical 
which 20 C as the 
maximum temperature rise which could be 
tolerated. 


was started. 


analysis established 


Sliding forms in concrete bridge pier 
construction (in Swedish) 
Betong 


Grorc Enskoa 
1954, pp. 207-216 


Stockholm), V. 39, No. 4, 

Reviewed by MarGaret Corsin 
A concrete railway bridge built in northern 
1950 to 


span 


Sweden during 
112-m 


whose piers wert 


1952 comprised a 
approach 


spaced 


viaducts 

Total 
All piers 
were concreted by means of sliding forms by 
the Concretor-Prometo method. Details of 
the forms are given. As columns were fixed 


arch and 
14.35 m. 


length of the bridge was 242 m. 


only in the foundation, during construction, 
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they were exposed to buckling until fixed 
the bridge deck. Steel trusses resting on 1 
piers carried the form for the superstructu 
One of the bridge piers was built in the wint 
when the 
below 0 C, 


temperature was permanent 


Construction 


Sea wall on the North Kent coast 


The Engineer (London), V No. 5183, May 
1955, pp. 737-738 


199, 


Reviewed by Aron L. Mirsky 


Description of portion of sea wall between 
Birchington and Reculver, protecting a por- 
tion of the North Kent coast severely dam- 
aged in the storm surge of Jan. 31-Feb. | 
11, and 
teviews,’’ ACI Journat 
914). This part 


substantial constructio: 


1953 (see also The Engineer, Dec. 4, 
18, 1953; “Current 

June 1954, Proc. V. 
of wall 


50, p. 
required 
reinforced concrete and 


precast concrets 


facing blocks were used. 


Construction of the platform for the 
conservation plant “Tia Juana No. 1" 
(in Spanish) 


Revista del Colegio de Ingenieros de Ver 
No. 231, June 1945, pp. 11-15 
Reviewed by 


ezuela (Caracas 


Josern J. Wappr 


This gas conservation plant, one of 
the 
Venezuela... It 


largest in world, is located in 


Maracaibo, consists of 

platform situated 10 kilometers from shor 
in water 65 ft deep. On the platform ar 
tanks, 


offices s 
The platform, 143 x 329 ft, rests 


ten large turbo-compressors, cranes, 
gas filters, cooling towers, boilers, 
and shops. 
on 350 concrete piles, including a number « 
batter piles; 


each pile is 28 in. square, 165 


ft long, and weighs 65 tons. Piles and most 
of the beams and deck slabs were precast ol 
shore. Casting yards had a capacity of 50 
tons of concrete daily, and were equipped t 
handle 165 200 ft 


Article describes construction of the platforn 


units of tons and long 


and operations in the casting yard. 


New-type television tower in Stuttgart 

(Der nevartige Fernsehturm in Stutt- 

gart) 

F. Leonunarpt, Die Bauzeitung (St 

5, May 1955, pp. 213-216 
Reviewed by 


ittgart), V. 60, N 


Anon L. Mirsk 
Germany, 


tallest structure in 


21 $ m high. Hollow reinforced concrete ped = 


Tower, 


tal 136 m tall is topped by an aluminum-cla 
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ob” 22 m high, which is surmounted by 


transmitting antenna. Knob contains 


stories: two platforms (lor sightseers ), 
») restaurants, one kitchen area, one trans- 
Wind 


e study and special foundation details. 


tter. loads necessitated consider- 


Present trends in the design of pressure 

tunnels and shafts for underground 

hydroelectric power stations 

Cuar.es Jancer, Proceedings, Institution of Civil En- 
eers (London), Part I, V. 4, No. 2, Mar. 1955, pp 

6-200 (including discussion) 


Reviewed by Aron L. Mirsky 


\ treatise on the design and construction of 

tunnels and shafts of underground power 
plants. Stresses and strains in the rock and 
in the concrete or steel linings are discussed. 
\ bibliography of 84 entries, classified by 
major topic, is included. 


Lightweight construction of superstruc- 
tures (Leichtbau im Hochbau) 


B. Rapow VDI Zeitaci Diisseldorf \ 
6, Feb. 21, 1955, pp. 153-158 
Revie wed by 


97 
Aron L. Mirsky 
An interesting survey of- various types of 
lightweight construction of sizable structures 
Principal considerations are savings in over- 
all cost, weight, and amount of steel used. 
Major emphasis is on steel, albeit aluminum, 
composite-type and 


concrete, prestressed 


steel construction are also discussed. 


Concrete-filled pipe towers for high 
tension transmission lines (Betonge- 


fuellte Rohrmaste fuer 
Freileitungen) 
Witnetm Taenzer, Der Bauingenieur 
1954, pp. 333-335 
Reviewed by Aron L 
of tall lattice 
Members 


selected 


Starkstrom- 


Berlin), V. 29 


» uv Sent 
; Mirsky 
construction 
110-kv 
tubes, 


Design and 


towers lines. 


for 
concrete-filled 


their enhanced stiffness against buckling. 


are 


because ol 


Maritime works construction at the 
port of Bone with the use of “‘Colcrete”’ 
concrete (in French) 


H. Cor IN, 
819-826 


Travaux (Paris), No. 242, Dec. 1954, pp. 


Reviewed by M. W. Jackson 

The port of Bone was destroyed by aerial 
bombardment in 1942-43. In the reconstruc- 
tion-and modernization of the port, a tech- 
nique of pumped grout was used. The under- 


lying rubble, below minus 30 ft, was thor- 
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oughly grouted. Precast slabs 7 x 37 ft were 
placed to form a series of shells about 10 ft 
square and 75 ft high on the grouted bed of 
rubble. Reinforcing was placed inside these 
shells which were then filled with concrete to 
form the foundation for the port structures 
Many additional details this 


are given of 


interesting construction. 


Thin shell roofs for large buildings 


Freirx CANDELA, Consulting Engineer, V. 5, No. 5. May 


1955, pp. 53-59 


Reviewed by Aron L. Mirsky 


Mexico 


briefly 


plot, 


Design and construction of larg 
City 
presented. 


factory designed by author are 


Structure, on a triangular 


utilizes 36 hyperbolic-paraboloid ‘“‘umbrellas, 
each approximately 30 x 50 ft, tilted to pro- 
vide a 
(This included in 
paper in Jan. 1955 ACI Journat 


sawtooth-type roof with skylights 


structure is not author’s 


Dams 


Note on the analysis of a triangular 
dam (Note sur le calcul d'un barrage 
triangulaire) 


Lovis 30NNEATI inna Por t Chaussees 


des 
Paris), V. 124, No. 2, Mar.-Apr. 1954 
Reviewe 


1¥ 


co 


I 


d by Aron [insky 
tnnale S de 8 
Ponts et Chaussees for March- April 1953 
ACI 


% D> 1s 


First part ol author's paper in 
(see 
Nov 


to 


“Current Reviews,”’ 
1953, Proc. V.- 50, p 


cover 1 


JOURNAL, 
broadened 
horizontal distor- 
the foundation A 


numerical example is included. 


study ol effects ol 


tion and of distortion of 


Uplift in gravity dams: grouting and 
drains (in Spanish) 


M. Vipau Parpat, Bul 
de la ( ién y de 
pp 


Instit 


onstruce 
Re 


Advocates use of pressure grouting com- 
bined with relief drains to decrease uplift 
Emphasis is placed on geologic survey and 
the 
uniform 
the 


Presents general formulas 


on use of inclined drains, latter with 


purpose ol attaming substantially 


efficiency of drains throughout entire 


height of the dam. 


for finding permissible uplift pressure in 


terms of allowable maximum compression 


and of the inclination of resultant of forces 


acting on dam and its own weight, under the 
assumption of zero stress at the heel of the 
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dam section, for both triangular and trap- 
ezoidal distribution of uplight pressure. By 
means of a numerical application to a typical 
cross section, author shows the convenience 
of pressure grouting near the heel of the dam 
to permit the drains to be moved downstream 
and thus diminishing amount of seepage into 


the drains. 


Reconstruction of downstream foun- 
dations of the Fuziny Dam on the 
Lubjanica River (Rekonstrukcija pod- 
slapja jezu v Fuzinach na Ljublijanici) 
wr? LAVRENCIC, Gradbeni Vestnik (Yugoslavia), 


6, No. 19-20, 1953, pp. 203-205 


Reviewed by J. J. PotivKa 


downstream foundation 
thick 
extending 26 ft below the sheet piling. 
broke 
24-ft head and was replaced by a new con- 
crete apron, 4 ft thick, 45 ft wide, with 2 in. 
diameter inclined drain pipes, and four ex- 


Originally, the 
slab 
This 


under a 


consisted of a 20 in. concrete 


reinforced concrete apron 


pansion joints. New sheet piles were driven 
At the lower end 


of the downstream apron a 10 ft deep ditch, 


3 ft from the original wall. 


| ft wide, was excavated between sheet piles 
filled Kroded cavities 
were filled with filter sand, and the concrete 


and with concrete. 


apron was placed on a 314-ft filter layer. 


On the selection of the arch strengths 
of arched masonry dams (Zur Wahl 
der Gewoelbestaerke von Bogenstau- 
mavuern) 


Water Jurecka, Der Bauingenieur (Berlin), V. 29, 
No. 5, May 1954, pp. 176-179 

Reviewed by Aron L. Mirsky 

Author presents diagram for valleys of 

idealized from 

which, for a given width and height of valley 

and central angle of dam, the required base 


(parabolic) cross section, 


width of a dam of triangular cross section 
can be found. A comparison of calculated 
and actual base widths for 18 dams in eight 
countries is given; differences range from 
plus 22 percent (Horse Mesa, USA) to minus 
61 percent (Val Gallina, Italy). A diagram 
giving volume of masonry is also included. 


Design 


Report on structural safety 


The Structural Engineer (London), V. 33, No. 5, May 
1955, pp. 141-149 
Reviewed by C. P. Siess 
Prepared by a committee of the Institution 


of Structural Engineers as a basis for dis- 
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cussion, this thoug 


provoking analysis of the factors to be « 


report presents 4 
sidered and evaluated in specifying marg 


of safety for design purposes. Sev 
specific systems for evaluating quantitatiy 


load 


test and in the appendices. 


ultimate factors are presented in 


Method of displacement compensation 
(in Portuguese) 


Pepro B. J. Gravina, Publication No. 20, Es 
Politécnica da Universidade de Sao Paulo, Brazil 
Reviewed by J. LAGINHA Sera 


Presented as a contribution to the theory 


of frames and constitutes another com] 


tation method by successive approximatior 
“Maybe 
“it is more simpk 


similar to the Cross method. 
as the author says 
it deals with a considerably smaller numb 
(the 
and because it has a greater 
Method is 


frames and to displaceable frames 


of unknowns rotations of the joints 
convergen 
applied to symmetrical pl 
Examples 


are presented. 


Critical loads of tall building frames 
W. Mercuant, The Structural Enginee Londot 
V. 33, No. 3, Mar. 1955, pp. 84-89 
Reviewed by C. P. 5S 

Method of computing critical buckling load 
of a symmetrical single-bay multistory fram 
Includes 
to multibay 


numerical example and extensio 


frames. 


Deformations in straight and curved 
coplanar beams. Conditions to be 
fulfilled for buckling to be produced. 
Method of determining the critical sys- 
tem of forces producing buckling. 
(Les deformations dans les poutres et 
arcs a plan moyen. Conditions a 
realiser pour que se produise un 
flambement. Methode de determina- 
tion du systeme de forces critique 
produisant les flambement) 
P. Buatse, Annales des Ponts et Chaussees 


124, No. 6, Nov.-Dee. 1954, pp. 635-669 
Reviewed by Aron I 


Paris 
Mirs 
If second-degree terms representing e! 
of deformations on stresses are included 
system of linear equations is obtained for | 
displacement components (X, Y, 6 
problem becomes indeterminate if the 
terminant of the system is zero; but this i 
condition for buckling. It can 
with a 


occur ¢ 


system of forces whose thrust 
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cides with the axis of the member, which 
onsidered as a series of elastic links, pro- 
ed the links be 
ssible axially. Such 


considered as incom- 


a system of forces 
be determined analytically, using itera- 
processes if only the minimum value is 

sired. 

\s a numerical example, a parabolic arch 

100-ft span and 25-ft rise is studied. 


Energy approximations 
problems of structural 
stability, and vibrations 


P. B. Morice, The 
V.3 No. 6, June 1955, pp 


applied to 
equilibrium, 


Structural Engineer London 


173-180 
AuTHOR'’s SUMMARY 
Discusses general energy basis of structural 
problems of equilibrium, stability, and vibra- 
tions making use of Hamilton’s principle of 
least action as a starting point. Forms which 


the energy takes in various cases are shown 
and the analytical method of solution is then 
followed. This is compared with the func- 
tional approximation methods of Rayleigh- 
Ritz, Lagrange, and Galerkin. The useful 
property of orthogonality is discussed briefly 
\ number of examples are then given which 
demonstrate the use of the above methods 
to some structural 


simple problems of 


mechanics 


Critical load of portal frames when 
sidesway is permitted 


Artuur Boron, The St 
V. 33, No. 8 


uctural Enginee London 


Aug. 1955, pp. 229-238 
Reviewed by ( P. 


SIEss 
method of the 
buckling load of building 
frames in which sway can take place, and 


Presents a determining 


critical entire 
includes approximations which are believed 
to be accurate and rapid enough for use in 
Method is illustrated by 
numerical examples 


design several 


Measurement of elastic constants by 
means of vibrations in beams (in Swed- 
ish) 

H. Weisvtt, 
pp. 127-149 


Betong (Stockholm), V. 40, No. 2, 1955 


Reviewed by MarGaret Corsin 


Important properties in applying limit 
design to statically indeterminate concrete 
beams are: a function of the 
ulti- 


mate load and allowable load; the strains in 


the moment as 
curvature enters the computations of 


concrete in compression and steel in tension 
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are required in estimating crack formation 
the internal lever arm as a function of curva- 
ture is needed in calculation of bond stresses 
and shear. A mathematical analysis is given 
which indicates that it is extremely important 
to provide statically indeterminate structures 
high ratio of with 


having a reinforcement 


adequate shear reinforcement, to insure de- 
sirable moment redistribution and to prevent 
the ultimate strength from being reduced by 


failures other than failure in bending 


Contribution to the analysis of ortho- 
gonal anisotropic rectangular slabs 
(Beitrag zur Berechnung orthogonal 
anisotroper Rechteckplatten) 


K. Trenks, De Berlin), V. 29, Ne 


Bauingenieu 
10, Oct {7 377 


1954, pp. 372-377 
Reviewed by Aron L. Mirsky 
Develops method for exact analvsis of such 
plates with stiffening bands in one direction 


or in two mutually perpendicular directions 


Materials 


Activation of pozzolanic material by 
alkali 
K. M. 


Science 
9g 


ALEXANDER Lustra 
Melbourne V.6,N 


Portland-pozzolanic 


cement 
pozzolan-lime mixtures, 
land cement 
The 


performance at earl) 


mixtures were 
pared principal 
ges Of portal d-pozzo- 


lanic cements can be considerably improved 
by the addition of alkali up to approximatel) 


2 Author 


2 percent states that 
alkali is present in commercial portland ce- 


sufficient 


ments to produce maximum strengths at 
months in the 
cement blends The 
effect of the alkali is also noted 


but 


approximately b portland- 


pozzolanic beneficial 
at later ages 
small alkali be- 


only for quantities of 


coming negligible at the recent level with 


2 pe 


the materials studied 


Corrosion of cement paste by salt 
solutions (in Italian) 


B. Tavas and A. Rio, La Ch 
lan), V. 37, Feb. 1955, p. 9 
Reviewe i by J 
Thorough description of tests investigating 
by chemical and microscopic Means the cCorT- 
rosive action of some salt solutions on cement 
paste. Samples were prepared following a 


procedure which allows any corrosion- 
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affecting factor to be excluded, except cement 
quality. Portland and pozzolanic cements 
Results of chemical tests 
are in good agreement with the microscopic 
The effect 
evident by the decalcification of the surface 


were investigated. 


examination. corrosive was 
strata, with absorption of components con- 
tained in the attacking solution, and by the 
formation of porosity and cracks, some filled 
with products of the reaction. 


Influence of the quality of the clinker 
for portland cement on the _ initial 
strength of blast furnace cement 
(Infiuence de la qualité du clinker a 
ciment portland sur les resistances 
initiales du ciment de haut fourneau) 


Leon BLONDIAU, 
(Paris), No. 477 


479, July-Aug. 


Revue des Matériaux de Construction 
June 1955, pp. 165-171; No. 478- 
1955, pp. 193-200 
Reviewed by Puitur L. Metvi.ur 
Blast furnace cement is obtained by inter- 


grinding water cooled slag with portland 


clinker The 


clinker acts as a powerful catalyzer of hy- 


cement and calcium sulfate. 
dration and hardening and it was assumed 
that a high lime clinker could be employed 
in a lower proportion and would improve the 
strength. Tests 
clinker proved the assumption incorrect. <A 
clinker with 13 C3A 


lime, and fast cooling was found desirable 


with sundry grades of 


percent without free 


Exposition on the statistic examination 
of errors in cement testing (Darstellung 
der statistischen Fehleruntersuchung 
bei der Zementpriifung) 

K. Seren, Zement-Kalk-Gips (Wiesbaden), V. 8, No. 
5, May 1955, pp. 153-162 

AvuTHOR’s SUMMARY 

DIN 51849 
“Testing Errors and Tolerances,”’ author re- 
views 


Based on the specifications 


investigations made into sources of 
their data. Also 
reports on tests made for determining the 
repeat variation range in testing cement ac- 
cording to specifications DIN 1164. 
the course of the 


error and characteristic 


During 
that 
exert a de- 


tests it was found 
air humidity 


cisive influence on strength formation during 


temperature and 
the hardening of cements. 

During the second repeat test the triple 
standard variation + 3 for a safety degree 
of 99.73 percent was found to be + 13.5 per- 
cent for the flexural strength and + 9.3 per- 
cent for the compressive strength, both be- 
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ing average values. For the _ individ 


strength figures ascertained by the test 
apparatus the triple standard variations : 
= + 15.9 percent and 3p = 11.1 per 
were found. 

Author variation tl] 


found for calculating errors. He 


uses the standard 
ment 
that elimination of faulty samples in flexura 
and compressive strength testing as prescribed 
by DIN 1164 should be changed according t 
the 3 o values which were found for the 
dividual measurings on the testing apparatus 
if the corresponding standard variations hav 
been determined with sufficient accura 
Handbook of engineering materials 
Dovucias F. Miner and Jonn B. Seastone, J 


Wiley & Sons, Inc., New York, 1955, 1361 pp., $17.5 


A complete handbook for protession 


engineering use. 
into 


The material is separated 


four sections: general informatior 


metals; nonmetals; and 


constructor 


materials. Section on cement and concreté 


is disappointingly brief; two pages being 


devoted to gypsum, lime, and _portl 


cement, and 14 pages to concrete properties 
proportioning, and construction. In addit 
to its brevity, the 


section on concret 


quite general 


Pavements 


Highway and airport concrete plants 


Appe., Jr.. Construction Met) 
Equipment, Mar. 1954, p. 121 


Treopore B 


ARBA Tre 


NICAL INFORMATION D 


Ay 


Another installment on concrete mixir 


Discusses batch records; agg 


and placing. 
gate hauling, unloading, and storage; cem« 
handling and storage; and  paver-m 


Also inc 


outlook on 


versus ready-mixed concrete 


present and future autom 


weight recorders 


Concrete roads in Belgium and 
Western Germany—1954 
Road Research Technical Paper No. 25, Road Rese 
Laboratory, Department of Scientific and Indus 
tesearch (England), 1955, 25 pp., 3s 
Describes the structural design, const 
tion, and performance of concrete roads 
Belgium and Germany as observed by 
inspection team in 1954. The performa 
has been judged in relation to the am 
of traffic 


tural 


carried, the subsoil, and the str 


design of the roads. Experim« 





CURRENT 


Differences 
pract ice, 


described 
design 
present, and British practice are noted. 


under way 1s 


een continental past 
urticular interest to ACI readers is the 
on of the report dealing with concrete 
is in Western Germany, in the changes 
traffic earried by these roads, and the 
ges in the condition of the roads since 
report by Jackson and Allen on their 
nspection in 1947 (ACI JourNaL, June 1948, 
V. 44, pp. 933-976). 
man roads are still in excellent condition 
15 
in 


In general, the 
ith an life in excess of years, 
little that 
time in spite of the fact that heavy traffic 
] LS The 


defect developing in the German roads is 


average 


witl maintenance required 


increased greatly. most serious 
relative settlement at transverse joints, none 
of which contain dowel bars. Frost heaving 


is still practically nonexistent on German 


roads 


Pavement finishing machines for con- 
crete highway construction (Strassen- 
fertiger fuer den Betonstrassenbau) 


J. THEINER Berlin), V. 29, No. 11 
Nov. 1954 


Der 
pp 


Bauingenieu 
405-409 


teviewed by Aron L. Mirsky 


Description of pavers of German manu- 


facture, including one hand-operated model- 
Similarity to machines produced in other 
countries is, of course, marked, but there are 
A lengthy illustrated 


stract of this paper has been published in 


differences too. ab- 
Constructional 


50, No. 9, Sept 


and 
London), V. 


39-343. ) 


Concrete Engineering 


1955, pp 


Design of airfield overlay pavements 


( 


Pavements of the 
edings, ASCE, V. 81 
31 pp., $0.50 


ommittee on Design of Overlay 
Air Transport Division, Proce 
Paper No. 777, Aug. 1955 

Discusses design and construction methods 
employed by the Corps of Engineers, the 
CAA, and the Bureau of Yards and Docks. 
Portland cement concrete and flexible type 
overlay pavements on 


existing portland 


cement concrete bases or flexible bases are 


considered. Charts and curves are included 
All methods described 
are primarily empirical but the committee 
indicates that efforts 
of 
Principal inconsistency in the methods em- 
ployed is that the thickness of a bituminous 


for design purposes. 


are continuing toward 


the development an adequate theory, 
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the charts is 


less than a portland cement concrete overlay 


overlay obtained from olten 


Two explanations are given: it is claimed 
that a 
pavement is never placed less than 6 in. thick 
the 


a “limited amount of cracking 


portland cement concrete overlay 


under existing construction practices; 


other is that 
i bitu- 


is permitted in the base slab when 


minous overlay is used 


Prestressed concrete 


Two-dimensional investigation of the 
end anchorages of post-tensioned 
concrete beams 


~ Pv CHRISTOD¢ 


London), V. 33, No 


ies, The Structu 
4, Apr. 1955, py 
Reviewed 


20. 133. 
by ¢ P 


SiEess 


Two-dimensional photoelastic study ol 


stresses by two symmetrically 


produced 
loads Results 


principal stress distributions as well as normal 


given in form ol 


placed 


and shear stresses on various sections 


Analytical solution presented for uniformly 


loaded strips on surface of semi-infinite body 


Standardization of type and design ap- 
plied to steam locomotive shed roofs 


VERNON FrReEpeERICK Beer, Proceedings, Instit 
Civil Engineers (London), Part II, V. 4, No 
1955, pp. 171-187 


tion of 


June 


Reviewed by Aron L. Mirsky 


In renewing six shed roofs housing steam 
locomotives, it was decided to use prestressed 
the 
maintenance costs than structural steel in the 


concrete beams, on grounds of lower 


corrosive atmospheres usually found in such 
structures. Although experience with ordi- 


nary reinforced concrete in such locations 


had not been too good, it was felt that well- 
made precast prestressed members would not 
suffer from the ills besetting ordinary con- 
crete. 
Discussion of this and associated papel! 
An 
Full-Scale 


the same 


“Smoke Extraction from Engine Sheds: 
Account of Model and 


Tests,” pp 209-223 of 


Some 
appears on 


issue. 


Prestressing practices in bridge build- 
ing 
J.C 


. ceedings, ASCTI V. 81 
No. 


x7 pr $0.50 


. Runpwierr, P 


733, July 1955 
A survey 
built 


ol prestressed concrete bridges 
the 


Short 


for or by various state highway 


departments des riptions ol each 
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prestressing system as well as excellent 
cross section details employed are given in 21 
figures. These examples were selected so as 
to illustrate the various types in use rathet 
than to cover each project in any particular 
area. Author concludes with the common- 
sense suggestion that ‘‘the concrete interests 
attempt to standardize the sections in these 
two types (separate I-beams and adjacent 
hollow box beams standardization will 
encourage the construction of more plants 
and will certainly lead to a far greater use of 


this product.” 


Report on prestressed concrete bridges 
in Venezuela (in Spanish) 
LEONARDO OrTxGA C., Revista del Colegio de Ingenieros 
de Venezuela (Caracas), No. 231, June 1955, pp. 810 
Reviewed by Josern J. WappELL 
Presents a short summary of the two vari- 
ations, M-1 and M-2, of the Morandi system 
of prestressing. The system makes use of 
special wires of 5-mm diameter in strands 
placed in ducts that follow a curved tra- 
jectory according to the bending diagram of 
Wires are not bonded to the 
concrete but obtain the anchorage by means 
The M-1 and M-2 
variations are similar, M-2 being a refinement 
of M-1. 
Brief description of the two methods is 


the member. 


of wedges at the ends. 


given, followed by mention of several bridges 
in which this system was used, and a short 
discussion of comparative costs. 


Bond stresses in prestressed concrete 
from x-ray photographs 
Ruypwyn H. Evans and Geratp W. Rostnson, Pro- 
ceedings, Institution of Civil Engineers (London), Part 
V No. 2, Mar. 1955, pp. 212-235 
Reviewed by Aron L. Mirsky 
Technique reported in this paper, which 
represents the preliminary portion of a re- 
search program designed to establish the law 
governing the which 
beams develop cracks, is especially important 


manner in concrete 
in that disturbance of reinforcement, bond, 
or surrounding reduced to the 
minimum: small lead ‘‘markers”’ 


concrete is 
are inserted 
in slots cut into the reinforcing wires (e.g., 
slots 0.005 in. thick and 0.012 in. deep for 
wires 0.08 in. in diameter); measurement of 
the displacement of the radiographic shadows 
cast by these markers yields data on strain 
Strains were measured to an 
xX 10-4, but 


and/or slip. 


accuracy of substitution of 
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xeroradiography for film, and other ref 


ments, should increase this accuracy 
siderably. 

Results of tests of specimen prestressed 
columns and beams are presented and dis. 
cussed and a relation between end slip or 
“pull in” and transmission length of th: 


inforcement is developed. 


Cone anchorage of hard steel wires in 
prestressed concrete structures and 
slip of wires during anchoring opera- 
tions (L’ancrage par cone des fils 
d’acier dur dans les ouvrages en beton 
precontraint et les glissements de fils 
a la mise en oeuvre de Il’ancrage) 
Gitpert Dreyrvuss, Annales des Ponts et Chaus 
Paris), V. 124, No. 5, Sept.-Oct. 1954, pp. 581-60 
Reviewed by Aron L. Mirsk 
After summarizing difficulties encountered 
in using Freyssinet cones, author develops an 
explanation, based on equilibrium considera- 
tions. He shows that the trouble lies in an 
unsymmetrical component, and makes sugges- 
tions for reducing unsymmetry in the anchor- 


age. 


Prestressed precast manholes 


Engineering (London), V. 179, No. 4660, May 20, 195 
spit oa Reviewed by Aron L. Minsk 
Brief illustrated description of manholes 
precast in sections and prestressed after lay- 
ing up. Manholes, for a sanitary 
varied from 25 to 40 ft in total depth. Ad- 


stated to 


sewel 


vantages over brick manholes are 
be reduced cost and time, increased strengt! 
and guaranteed watertightness. 


Properties of concrete 


Shrinkage of lightweight cellular con- 
crete (Retrait des mortiers et bétons 
cellulaires) 


M. R. 
tion (Paris), V. 
Reviewed by ALEXANDER M. TuRrIT? 


M oderne-Cons 


Senovituet, La Technique ‘ 
i 218-224 


10, No. 6, June 1955, pp. 


Cellular concrete is composed of a ric! 
mix of cement, aggregates, and admixtu: 
which release a gas producing foam resulti: 
lightweight Auth 
believes that cellular concrete, because of 


in porous concrete. 
lightness and insulating qualities, will so: 

a large seale in building ¢ 
The reason that 
been widespread is due mainly to the 


be used on 


struction. its use has nm 


that its prefabrication in large size pan 





esults in shrinkage cracks, 


es alter only a short period. 


thor gives an account ol different 


ies and opinions formulated on the 


stion of shrinkage. He then submits an 


int of tests made by his organization 


his experience in reducing shrinkage 


<s In precast concrete units. Conclusion 
that 


ellular concrete, it is importan 


hed is to reduce shrinkage cracks 
to utilize 

gates which have the least absorption 
ilities Many this 
be the 


tests have confirmed 
primary source of shrinkage 


Author alse 


pozzolanic 


curing period was over 
mmends the use of admix- 


tures, and light reinforcement He states 


many rectangular panels with dimen- 


ns of 8 x 2.5 m were prefabricated, employ- 
ing the 


above recommendations and showed 


no signs of distress after 2 vears of service 


Important characteristics of concrete 
(Wichtige Eigenschaften des Betons) 

rro Grar, Die Bauzeitung (Stuttgart), V. 60, No. 5 

Ma 955, pp. 220-221 


d by Aron L. Mirsky 


General discussion of shrinkage and swell- 


y 


ing, abrasion resistance, prevention of crack 


formation in massive construction, et 


from the book by Graf and Goebel, 


taken 
Prevention of 
V, 


Damage to Structures 
Bause haeden Deutscher 


und Fachbuch-Verlag, 


huetung von 
Fachzeitschriften- 


Stuttgart, 1954]. 


Quality of concrete in the field 


f lings, Institution of Civil Engineers (1 
‘art I, V. 4, No. 3, May 1955, pp. 336-352 

Revie wed by ARON I M rrsKY 
headed by W. K. 
Wallace covers control of concrete quality 
production 
bonding of successive lifts, 


ndon 


Report of committee 


during and of workmanship, 
and specification 
Latter is 
mended for high-strength concrete 
ment of 


of concrete by strength recom- 
Develop- 
a test for assessing quality of con- 


rete at early ages is urged 


Hydraulic pressure in concrete 


r. ¢ Powers. Proceedings, ASCE, V. 81 


Separate 
No. 742, July 1955 $0.50 


. pp 

Summarizes information developed during 
the past 15 years on the structure of hard- 
ened portland cement paste as affecting the 


hydraulic pressure in the pores ot concrete 


the mag 
ure ind prob- 


conditions exist- 


General 


New technique for soniscope inspec- 
tion 


ceeds 150 


soni- 


moaimheation in design of 


ild permit 


vement 
tvVemeti 


Cost factors in concrete hangars 


Bo ( AN ERSON, A 


10 


~, Fe p. <14-2 


Presents me thods for utilizin 


é ficient, 


1] ; 
folded-pl ite reinforce« 


signs Compares arch and ¢ 


tems of hangar design 


folded-plate principal cat 


cantilever hangar design which nas 


become 


] 


increasingly popular Cost factors ar 


| 
dis- 


cussed for these designs in various materials 


Pneumatic conveyance of concrete (in 

Dutch) 

P. J. J. Hott. ¢ 

Apr. 1955, pp. 86-87 
Re 


This 


uMpIing §' 
r 


system 
stems 


mass of concrete in the pipes move stops 


in time with the strokes of the pump In 


pneumatic conveying systems tl batch o 


pipe i 


concrete mix is blown through the 
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constant speed of 300-400 ft per min, using 
considerably less energy than the pumping 
system. Pipes of 6 to 7-in. diameter are 
used and one unit moves about 80 cu yd of 
concrete per hr. It is also claimed that the 
system is practically self-cleaning. A com- 
plete unit consists of the following pieces of 
equipment in addition to a normal com- 
pressor: a compressed air tank, a concrete 
hopper in which the entire batch is put and 
At the delivery 


end a separator is hooked on through which 


“blown” through the pipes. 
the compressed air escapes from the concrete. 


Architectural engineering 


Eprrors or ARCHITECTURAL Recorp, F, W 
Corp., New York, 1955, 494 pp., $11.50 


Dodge 


New developments in architectural engi- 

the editors in 
this book. 
Each study is a detailed, up-to-date source 


neering were evaluated by 


selecting the studies for new 
of specific information for which there is a 
current demand. Each is graphically com- 
plete with plans, diagrams, structural details, 
and photographs. The material is presented 
in six extensive sections: (1) the building 
shell: including several papers on thin shells 
and an extensive section on prefabrication, 
(2) environmental 

insulation, 
densation, lighting and acoustics; (3) utilities: 


electrical 


mostly precast concrete; 


control: air conditioning, con- 


systems and elevators; (4) site 
planning; (5) materials; (6) special problems: 
structural safety, fire and explosion pro- 
tection, and planning for atomic energy. Of 
particular interest are the collections of 
papers on such newly developed areas as 
heat pumps, concrete precasting, solar heat- 
ing, lightweight aggregates, structural ply- 
wood, plastics, and atomic blast resistance. 
The book is stimulating both for architects 
The book is best described 
4s a summary of the practical applications 


f new ideas during the last decade. 


and engineers. 


Early reinforced concrete in Newcastle 
upon Tyne 

W. Fu 

Vv. 


“um Cassie, The Structural Engineer (London), 


No. 4. Apr. 1955, pp. 134-137 


Reviewed by C. P. Siess 

Describes and illustrates a residence built 
about 1865 entirely of reinforced concrete. 
One floor was of pan construction utilizing 
precast plaster “‘molds’’ and old wire rope 


for reinforcement Construction was ac- 
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cording to patent by W. B. Wilkinson whos 
contribution to reinforced concrete develop- 
ment is discussed. 


Bibliography on machinery foundo- 
tions; design, construction, vibration 
elimination 


Bibliography No. 11, 


Engineering Societies Libr 
New York, $2.00 


A revised list of 175 annotated references 
to selected books and periodical articles 
published from 1924 to 1955. They cover 
theory, design, and construction of machinery 
foundations; specific problems such as heavy 
foundations on unstable soils 
related to 
hammers, oil engines, electrical machiner) 


machinery 
and vibration as foundations o 
turbines, steam engines, compressors, machine 
tools, pumps, and presses. 


Methods of design, casting, and driv- 
ing reinforced concrete piles 


Musat Trosanovic, Nase Gradevinarstvo 
V. 9, No. 1, Jan. 1955, pp. 25-34 
Reviewed by J 


Belgrad 


J. PourvKa 


General and thorough presentation of the 
subject with reference to many textbooks 
papers, and tests (W. H. Glariville, G. Grime, 
W. W. Davies, L. J. Murdock, B. F. Saurin, 
J. Cuerel, G. H. Hodgson, G. P. Manning 
Theoretical analysis is compared with tests 
Practical details of various types of piles 
(square and hexagonal sections), most suit- 
able concrete, types of reinforcement, han- 
dling, driving, and driving equipment are re- 
viewed. 


Composite girder construction. Direc- 
tions for construction and analysis 
[German Industrial Standard 4239) 
(Verbundtraeger—Hochbau. __ Richt-li 
nien fuer die Ausbildung und Bemes- 
sung [DIN 4239)) 


Der Bauingenieur (Berlin), V. 29, No. 9, 
pp. 355-361 


Sept. 1954 
Reviewed by Aron L. Mirst 


Apr. 195 


(pp. 355-358) is the specificatior 


Preliminary cated 
Blatt 1 


proper, covering loads, and stresses, eit! 


edition, 


directly or by reference to other standard 
Blatt 2 (pp. 359-361) is the official co 

mentary (Erlaenterungen), covering especi:! 
ly the different types of dowels. 

Ameri 


Reviewer knows of no similar 


document. 
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Ultimate Flexural Strength of Prestressed and 
Conventionally Reinforced Concrete Beams 
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(c) In post-tensioned unbonded prestressed concrete the reinforcement is not bonded to 
the concrete. The prestress force is transmitted through mechanical anchorages at the ends 
of the steel tendons. Tensile stresses due to flexure are also developed in the reinforcement 
through the mechanical anchorages. 

Various combinations are of course possible. It has been proposed, for 
instance, to combine unbonded prestressed reinforcement with enough em- 
bedded conventional reinforcement to overcome any load-carrying deficiency 
of unbonded prestressed concrete members as compared to bonded members 

There is considerable information available regarding the comparative 
behavior at working loads of conventionally reinforced concrete and _ of 
members prestressed in the various ways. Members prestressed by any of 
the described methods will generally behave similarly under normal service 
conditions, since working loads are ordinarily less than the cracking load 
for prestressed members. 

The behavior at high l6ads and the modes of failure of beams reinforced 
in the different ways are less clearly understood. Individual data have been 
reported for most types of prestressing, but few direct comparisons have been 
made. The investigation reported here was undertaken, therefore, to throw 
new light on the performance at high loads of various types of tension rein- 
forcement in structural concrete. 


Object of investigation 


This investigation was conducted at the Research and Development 
Laboratories of the Portland Cement Assn. in 1953-54. The primary ob- 
jective of the study was to provide a direct and quantitative comparison of 
the flexural behavior and strength of beams with five types of straight tension 
reinforcement: (1) pre-tensioned reinforcement, (2) post-tensioned grouted 
reinforcement, (3) post-tensioned unbonded reinforcement, (4) post-tensioned 
unbonded reinforcement with deformed bars added, and (5) conventional 
deformed bar reinforcement. 

Particular emphasis was given to ultimate beam strength, deflection re- 
covery at various percentages of the ultimate load, and load-deflection relation- 
ships from zero load to failure. The opportunity was also at hand to obtain 
some additional data on the bonding performance of %-in. strand. 


Scope of tests 


This report is based on 19 beam tests, the principal results of which are 
given in Table 1. All beams were 6 x 12 in. in cross section and were loaded 
at the third-points of a 9-ft span. Concrete strength was held near 5500 psi, 
and the prestressed tendon used was a 3-in. seven-wire strand with an 
effective prestress of about 120 ksi. The only variable aside from the five 
types of tension reinforcement was the steel ratio, which varied from 1.20 
to 4.75 percent in the conventionally reinforced beams and from 0.322 t 
0.965 percent in the prestressed beams. 

The ultimate loads, mode of failure, load-deflection characteristics, and 
recovery properties were observed. In addition, concrete and steel strains 
were recorded throughout the tests. 





ULTIMATE FLEXURAL STRENGTH OF BEAMS 


Notation 
Notation proposed by joint ACI-ASCE Committee 323, Prestressed Rein- 


forced Concrete, is used where applicable. 


j == 


area of tension reinforcement 
width of rectangular section 
internal compressive force in con- 
crete at ultimate moment (Fig. 5) 
depth of compression zone at ulti- 


compressive strength of 6 X 12-in. 
cylinders 


= effective prestress in reinforcement 
= stress in reinforcement at ultimate 


moment 


yield point of intermediate-grade 
defined by Fig. 520 deformed bars; yield strength at 
. 1.0 percent offset strain for strands 


mate moment 


effective depth = 8.3 in. in tests; 
defined by Eq. (4a) , c-&,, c/d (Fig. 5) 
depth to individual reinforcing layers d 

modulus of elasticity of reinforcing coefficient determining average con- 
steel crete stress In compression zone at 
ultimate moment (Fig. 5) 
coefficient determining position of 
internal compressive force C (Fig. 5) 
ultimate moment 

calculated ultimate moment 
measured ultimate moment 

A,/bd = steel ratio 

tension reinforcement index = 
PS ou/fe’ 

Phy /fe' 

tensile force in reinforcement 


strain in concrete at level of rein- 
forcement at ultimate moment as 
defined by Fig. 5 

tensile strain in reinforcement due to 
effective prestress 

tensile strain in reinforcement at ul- 
timate moment 

ultimate compressive strain in con- 
crete (Fig. 5) 

€su —~ €se 


— , defined by Eq. (6) . ate 
€cu ultimate moment (Fig. 5) 


SPECIMENS AND TEST PROCEDURE 
Specimens 

The 19 beams comprising the test series were 6 x 12 in. in cross section with 
an effective depth of 8.3 in. (Fig. 1). The beams were 10 ft long and were 
tested with third-point loading over a 9-ft span. As shown in Table 1, the 
test program was divided into five groups representing the five types of 
tension reinforcement which constitute the principal variable of this investi- 
gation. 

Within groups 1 to 3 of the prestressed beams, the amount of tension 
reinforcement varied from two to six 34-in. strands or 0.322 to 0.965 percent. 
The 1.0 percent offset yield strength f, of the strand, which was near the 
ultimate strength, was about five times the yield point of the conventional 
deformed bar reinforcement used in groups 4 and 5. Therefore, and because 
ultimate flexural strength was of primary importance in this investigation, 
the amounts of conventional reinforcement were so chosen that g, = pf,/f.' 
covered a similar range of values in all groups of tests (about 0.1 to 0.4). 


The concrete beams were cast using a 5-bag mix of a blend of Type I cements 
and 114-in. maximum size aggregate. 
followed by three weeks of storage in the air of the laboratory until testing 
took place at 28 days. Concrete strengths at the time of testing are reported 


Seven days of moist curing were 
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TABLE 1—PROPERTIES OF 


Measure : ° Caleu 

a ng Effective Yield salou 
. prestress strength pees 

. prestress fa. kee ; prest re 

Steel Percent strain, és. a 


Reinforcement 

Beam 
Group-qy fy, ksi 
ps 


Pre-tensioned 


strands 00485 


Nite Raed gress 


strands 00450 


} strands 00475 


2 strands 322 5000 00529 
strands 4950 00475 
} strands 5700 00470 7 23: a8 
Post-tensioned 
strands 322 5900 00440 
2 strands 32: 5250 00500 
strands 4930 00542 


) strands 5300 00490 


} strands 5300 00560 133 


Post-tensioned unbonded beams 


#4 bars 
strand 


5750 00490 120 ne a 
- #4 bars - Pine 47 +63 
fre 5300 00512 .. i 


#4 bars ‘ z . +101 
5 strands 4930 00500 ” 23: 1457 


Conventionally 


—) 096 3— #4 bars 0 0 43.0 
0.172 3- #5 bars 52: 0 0 48.3 
5-0.190 3- #6 bars 2.65 52 0 0 44.5 
4). 304 3— #7 bars 3.6 5 0 0 44.6 
5-0.492 3— #8 bars 7! 542 0 0 56.1 


PER OL LO Zr 


*All beams were 6 in. wide with total and effective depths of 12 and 8.3 in., respectively. Equal loads weré 
applied at the third-points of a 9-ft span. All prestressed steel was %%-in. strand. 


for each beam in Table 1 as an average of three 6 x 12-in. cylinders. The grout 
used in the post-tensioned bonded beams consisted of a 1 to 1 mix of Type |! 
cement and sand passing a No. 30 sieve, the W/C-ratio was 0.50, and 0.0! 
percent (by cement weight) aluminum powder was added to reduce shrinkage 
before hardening. Grouting took place about 10 days before testing. 

The prestressing steel used for the entire investigation was 34-in. seven- 
wire strand with a nominal area of 0.080 sq in. The strands used in groups 
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BEAMS AND TEST RESULTS* 


Cracking Ultimate Moment 
\[easured Measured "én moment VM tes V ca 
ésu — txt qut in.-kip in.-kip in.-kip 


bonded beams 
0.01557 00324 
0.00765 00278 
0.00364 317 00225 
grovted beams 
0.00870 00176 


0.00775 2 00378 


SLPS Ce IORI AN aa a A tt hyo Se ee 


0.00483 3 002904 


unbonded beams 
0.00343 ( 00043 
0.00345 00052 
0.00218 2 00077 
0.00200 2 OO1L03 


0.00193 278 00097 


with deformed bars added 


0.00258 00092 


0.00210 33° 00141 


reinforced beams 


096 


72 
190 
304 
0.492 


TtAll intermediate grade reinforcement was yielding at failure 
tAverage for all beams 1.03; standard deviation 0.058 


and 2 were rusted to obtain a good bond to the concrete. The stress-strain 
curve shown in Fig. 2 is given only to a strain of about 2 percent. At the 
corresponding load the strand broke in the grips used in tension tests. The 
strand was not stress relieved, and an unusually early departure from a 


linear stress-strain relationship therefore took place. The conventional rein- 
forcement used was intermediate-grade deformed bars meeting ASTM specifi- 
cations A 305-50T and A 15-52T. A typical stress-strain curve is shown in 
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Fig. 1—Test beams and 
loading arrangement 

















= Strain gages on 
reinforcement 











soe 
Fig. 2, and yield points are reported for the deformed bars used in individual 
beams in Table 1. 

Pre-tension was released about 7 days after casting at a concrete strength 
of about 4000 psi; post-tensioning took place after about 16 days. The 
effective prestress at the time of testing is reported for each beam in Table | 
For the post-tensioned unbonded beams, each strand was surrounded by 
an individual cardboard tube with an internal diameter of 4% in. Thereby 
the position of the strands in the beam cross section changed only a negligible 
amount as the beams were deflected by test loading. 


Test procedure 


Beam specimens were tested to failure in a testing machine as shown in 


Fig. 3. To assure flexural failures, clamp-on stirrups were placed in the outer 
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3—Testing arrange- 
ment 


thirds of the beam spans. For the unbonded beams in group 3 stirrups were 
not needed. All beams were unloaded and immediately reloaded at ap- 
proximately 25, 50, 75, and in some cases 85 percent of the ultimate load to 
observe deflection recovery properties. 

Measurements were made of deflections and of strains on the concrete 


surface as well as in the reinforcement. Strains were measured by electric 


wire resistance gages; commonly used methods were satisfactory except for 
the strand reinforcement. 

Since the strands consist of six wires each forming an individual helix 
around a central seventh wire, the strain along an individual helix wire at 
any load will be smaller than the strain of the strand as a whole along its 
axis. The action of the strand as reinforcement depends essentially on its 
stress-strain properties as a unit. In tension tests, therefore, strains along 
individual wires were measured by electric gages and strains in the strand 
unit were measured simultaneously by an 8-in. mechanical extensometer. 
In both cases stress was expressed as strand load divided by nominal strand 
area (0.080 sq in.). The difference between the two curves (Fig. 2) may de- 
crease when the strand is embedded in concrete. As far as beam performance 
is concerned, however, it should be on the safe side to assume that the stress- 
strain curves of the strand before and after embedment in concrete are the 
same. In the beam tests, strains were measured by attaching electric gages 
to individual wires. The stress corresponding to strains measured in this 
manner, and in turn the strand strain corresponding to the same stress, were 
obtained with the aid of Fig. 2. All strand strains reported here, therefore, 
refer to the stress-strain curve of the strand as a unit. 


TEST RESULTS 
General behavior and mode of failure 
All beams in the investigation failed in flexure. Differences in the over- 
all comparative performance of the five types of reinforcement were ob- 
served in terms of ultimate load-carrying capacity, crack pattern, load- 
deflection characteristics, and deflection recovery properties. The variations 
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in behavior may be traced 
to the difference in the 
stress-strain properties of 
Pre-ttensioned |-.420 prestressing and conven- 
tional reinforcement (Fig. 
2), the degree of bond 
between the steel and con- 


t crete, and the  prestress 
Posttensioned grouted 2-306 which of course was absent 


in the conventionally  re- 
inforced beams. 


Final failure in flexure 

4 of a reinforced concrete 
Posttensioned Unbondeded 3 . 
beam occurs when crushing 
of the concrete in the com- 
pression zone takes place. 
The stress-strain relation- 
F : ship of the reinforcement is 
Posttensioned Unbonded with 
deformed bars added 4-.13I 


a major factor governing 
the ultimate load-carrying 
U ‘ capacity at which = such 
crushing takes place. 
+ Conventionally reinforced 5-.304 Conventional intermediate 
, grade reinforcement is elas- 
Fig. 4—Typical crack patterns at failure tic nearly to the yield 
point, and the strain at the 
yield point is small compared to the ultimate strain of the prestressing strand 
(Fig. 2). After the intermediate-grade steel has yielded, considerable further 
elongation occurs with little increase in stress. Therefore, all conventionally 
reinforced beams in group 5 failed initially by yielding of the tension rein- 
forcement. On the other hand, the stress-strain relationship for the strand 
used is curved over nearly the entire stress-strain range. Thus, the stress in 
the prestressed strands at the failure load ranged over the upper half of the 
stress-strain curve. The ultimate strength of the strand was developed only 
in beam 1-0.141, in which fracture of the steel occurred shortly before the 
concrete compression zone failed. 


A second major factor influencing the ultimate load-carrying capacity of 
structural concrete beams is the degree of bond between concrete and stee! 
which is reflected in the flexural cracking pattern. Fig. 4 shows typical 
beams reinforced in each of the five ways and the resulting crack patterns 
at failure. Conventionally reinforced beams and bonded prestressed beam 
developed about five cracks in the region of pure flexure while the unbonded 
beams developed only one or two. The unbonded prestressed beams 0! 
group 4 with deformed bars added, however, developed several cracks. Al 
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onded prestressed beams failed at higher loads than the corresponding 
nbonded beams. 

Load-deflection characteristics and recovery properties were also influenced 
y the stress-strain properties of the steel and by the bond. In addition, 
prestressed concrete beams, of course, cracked at higher loads than con- 
ventionally reinforced beams. On removal of load after cracking the pre- 
stressing force in the steel tends to pull tension cracks together, and accord- 
ingly the deflection recovery of prestressed beams was superior to that of 


nonprestressed beams. 


Ultimate flexural strength 

Several analyses for flexural strength of conventionally reinforced and 
prestressed beams have been presented following a renewed interest in ulti- 
mate strength of structural concrete which began about 1930. These analyses 
have varied from simple design rules of limited applicability to complex 
mathematical theories. There are three criteria by which the usefulness 
of such analyses may be judged. First, with a statistically satisfactory 
accuracy, prediction of the effects on ultimate strength of all important vari- 
ables should be possible. Second, the basic assumptions involved should be 
logically compatible with our understanding of the behavior under load 
and the modes of failure of structural concrete. Third, a single flexural 
analysis should apply for various types of conventionally reinforced as well 
as prestressed structure concrete members. 

An analytical approach was originated by F. Stiissi in 1932, which through 
refinements contributed later by others has satisfied these criteria. Appli- 
cation of Stiissi’s approach to conventionally reinforced concrete was reviewed 
in the June 1952 ACI JourNat,? and its applicability to bonded prestressed 
concrete was discussed in the June 1954 JourNnau.* Two sets of equations 
are involved. One set expresses the conditions of equilibrium, and these 
equations must therefore apply regardless of the type of reinforcement used 
and whether prestress is used or not. Reflecting the different actions of 
various types of reinforcement, another set of equations involves compati- 
bility of strains. 


Stress conditions at the ultimate moment capacity are illustrated in Fig. 5. 


Equilibrium of forces and of moments is expressed by: 


T - Fowl =z ({' = kik f./be 
V : 


Fig. 5—Conditions at ulti- 
mate moment 
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Eliminating the depth to the neutral axis, c, we obtain 


Mun 1 ke 
‘ aed i ay EN sl u 
bd?f.’ q kik; . 


in which the tension reinforcement index 
| 
qu = Pipe (4 
If there are several layers of steel with different values of ultimate stress 
fou, Steel area A,, and effective depth d,, Eq. (1) to (4) become: 
T = DWfuA.) = C = kyksf.'be (la 
Muu = 2[fwAddn — kre)).. (2a) 


Mur (z , ke ;, 
= a, u) — —Yu 3: ) 
bap. ' kik, _ 


D(Asfeudn) 


in which rq. = = ~ - -. 
DAs feu) 


(4a 
Throughout this investigation, the steel was so arranged in the test beams 

that d was always close to 8.3 in. All values of tension reinforcement per- 

centage and index reported herein are therefore based on d = 8.3 in. 


For design purposes, the steel stress at failure, f,,, must be determined 
for various types of reinforcement from strain conditions. However, the 
relationship expressed by Eq. (3) and (3a) may be studied in terms of 
measured ultimate moments and measured steel stresses at failure as indi- 
cated in Fig. 6. Though five types of reinforcement are represented, only a 
reasonable scatter is found in the figure. By least squares, a value of ky/kyk 
equal to 0.52 was determined. This value of 0.52 is in close agreement with 
earlier findings in investigations of conventionally reinforced concrete. In 
their studies of bonded prestressed beams, Billet and Appleton* assumed 
kg = 0.42 and an empirical relationship between k,k; and cylinder strength 
f.’ was established, which for the average conerete strength of the beams 
reported here f.’ = 5400 psi, gives kiks = 0.83 and ke/kik; = 0.51. In the 
studies of ultimate strength given in Table 1, k2/kik; = 0.52 and kik; = 0.85 
are used throughout. 

Conventionally reinforced beams—For the beams in group 5 which were 
conventionally reinforced with intermediate-grade steel, the steel stress at 
failure was at the yield point, f,,. = f, Ultimate moments can therefore be 
calculated from Eq. (3) without the aid of strain compatibility equations. 
The average value of M te.:/M-a- for group 5 is 1.03, which confirms the appli- 
cability of Eq. (3) as shown also by numerous previous tests of conventionally 
reinforced beams. 


Compatibility of strains—A more complete understanding of the action of 
various types of prestressed reinforcement and the magnitude of the ultimate 
steel stress may be reached through a study of compatibility of strains in the 
steel and the concrete. Attempts to develop rigorous analyses of strain 
conditions in cracked members have not been particularly fruitful. The tests 
reported here confirm others in suggesting that certain idealized concepts 
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ind empirical relationships may be of considerable utility—perhaps of even 
ereater utility than a precise analysis. 

A large number of tests have indicated that plane sections perpendicular 
to the longitudinal axis of conventionally reinforced concrete beams remain 
nearly plane after bending throughout the loading range to failure, though 
some irregularities must exist near flexural cracks. Recent tests*-’:* and the 
tests reported here confirm that this is so also for prestressed concrete. 

Such a linear distribution of concrete strains is sketched in Fig. 5 and may 
be expressed as: 

éu (1 — ku) 

or 
in which ¢,, is the concrete strain adjacent to the reinforcement at the ulti- 
mate moment. As the concrete strain increases from zero to €-., an equal 
change of strain may be expected to take place in a well bonded reinforcement. 
The actual steel strain will deviate from e,,, however, because of localization 
of cracks and because of imperfect bond. In an unbonded beam, the change 
in steel strain will be considerably smaller than e,,, since the steel strain will 
be nearly constant between anchorages. Baker’ has suggested that the 
ratio of change in steel strain to change in concrete strain may be determined 
experimentally. He denoted this ratio by the letter F. In later investi- 
gations,’*'® Baker and his associates found that F for unbonded prestressed 
beams varies from 0.1 to 0.3 and depends on conditions of loading and the 
shape of the unbonded tendons, while F is near 1.0 regardless of loading 
conditions for well bonded tendons.* 

The total strain e¢,,, in prestressed steel at the ultimate moment is the sum 
of the effective prestress strain ¢,, and the change in steel strain due to loading 
Fave: 

€xu = €se + Fecu 


Substituting Eq. (5) into Eq. (6) 
Fe, 


feu = Exe + — — Fe, (7 
ky 


The prestress strains in the concrete before loading are small compared to 
the strains ¢, and ¢., at failure, and their influence on the position of the 
neutral axis, Ac, may be neglected. In Fig. 5 we then have c = k,d, and Eq. 
(la) and (7) give 


oa Sr 
— Sq, = — > ) - 
W Caine Ted Care 


Solving Eq. (8) for Fe,, 
= \eu_— tee) 2qu 9 


kiks — Lqu 


Fe, 


The effective prestress steel strain ¢,, and change in steel strain due to load- 
ing to failure e¢,, — €,. were measured as indicated in Table 1. With the aid 


*A similar approach was developed in a MS thesis by A. Feldman: “Bonded and Unbonded Prestressed Con- 
crete Beams Failing in Flexure,”” Civil Engineering Department, University of Illinois, 1954 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE February 1 





Conventionally 
reinforced 


Eq. (3 fsu=fy 


© 
o> 


A 
® Mult 
fe bd? 


Eq. (3) 


=Qu (I- 0.52 4u) 


Ultimate Moment, 
oO 
© 











0.1 0.2 03 04 O85 
= Pf 


—s¥, (fsy=measured ult steel stress 
f. 
© Group Pretensioned roup 4, Posttensioned unbonded 


Posttensioned grouted with deformed bars added 


\, 
pe 
<, 


4 Group 
e Group 3, Posttensioned unbonded so Group 5, Conventionally reinforce 


Fig. 6 (left) — Relation between Fig. 7 (right)—Effect of reinforcement 
measured M,,,, and measured q, type on ultimate moment 


of the stress-strain curve in Fig. 2, Fe, at failure was computed from Eq 
(9) for all prestressed beams assuming k,k; = 0.83. The results are given 
in Table 1. 

Pre-tensioned beams—For the three pre-tensioned beams, the average of 
the calculated values of Fe, given in Table 1 is 0.0028, while the measured 
maximum concrete strains on the top surface of the beam e, were 0.0025 to 
0.0040. The corresponding value of F, 1.1 to 0.7, may indicate that the 
bond between strand and concrete failed locally in some beams. On the 
other hand, the average changes in steel stress ¢,,, — €,. as measured by tw 
to four strain gages were not always observed exactly at a creck. If the 
measured values of ¢,,, — €.- used in Eq. (9) to compute Fe, are smaller tha: 
the actual maximum strains which occur near a crack, the resulting lov 
values of F are of course not significant. 

To obtain the predicted ultimate moments given as M,,,;. in Table 1, F 
1.0 and ¢, = 0.003 were assumed, and f,,, was calculated from the last equalit) 
in Eq. (8) and the stress-strain curve for the strand by successive approx! 


ge society Se a dee we 
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nations.* Ma. was then obtained from Eq. (3). The resulting average 
alue Of Mees:/Meate is 1.05. 

Post-tensioned grouted beams—The average calculated value of Fe, equals 
he average for the pre-tensioned beams (0.0028). This indicates that the 
strands were well grouted so that the strength and performance of the grouted 


and pre-tensioned beams should be similar. The calculated ultimate moments 


in Table 1 were computed, therefore, in the same manner as for the pre- 
tensioned beams, and an average value of Mi..:/ Mea equal to 1.04 was found. 

Post-tensioned unbonded beams—For the five unbonded beams, the average 
Fe, is only 0.0007, that is, one quarter of the value for the well bonded beams. 
Gifford? found that F for unbonded beams is proportional to the neutral 
axis ratio k,. This approach is studied in Table 2, in which K,, Fe,, and 
Fe,/k, are computed from measured values of Zq, and e€,, — €.,. The ratio 
Fe,/k, varies from 0.0029 to 0.0040 with an average value of 0.0033. As- 
suming «, = 0.003 we then obtain 

Pw ii k, & &. (10) 
which agrees with the findings of Gifford.'° Combining Eq. (8) and (10) gives 


| l l _ Fon | -_ - , 
wf ne De y= >» . = - ( 
ik Ookha OK ra 


It is important to note that Eq. (10) is an empirical equation based on 
tests of beams loaded at third-points of a span only 13 times the effective 
beam depth. For greater span-to-depth ratios or for a load concentration 
at midspan, smaller values of F must be expected. 

The calculated ultimate moments given in Table 1 were obtained by cal- 
culating f,,, from the last equality in Eq. (11) and the stress-strain curve by 
successive approximations, substituting the final f,, into Eq. (3) to find 
Mar. The average value of Mj..:/ Mea is 0.99. 

Post-tensioned unbonded beams with deformed bars—The ratio Fe, /k, of both 
beams in this group for which strain measurements were made was 0.0035. 
(The strain measuring equipment did not function properly during the test 
of beam 4-0.131.) Since the average Fe,/k, for group 3 was 0.0033 it appears 
that the presence of the deformed bars in group 4 did not appreciably increase 
the F value of the unbonded strands, in spite of the fact that the crack pattern 
of the beams was changed. 


TABLE 2—STUDY OF F.., 


Beam Measured i. a =qu Fes 
Group-qy Dqu 0.83 Eq. 9) 


3—0.128 093 0.112 0.00043 
30.144 109 0.131 0.00052 
3-0 . 307 2 0. 262 0.00077 
3-0 .428 28: 0.341 0.00103 
3-0 .428 278 0.335 0.00097 
4-0 .131 

4-0. 285 21% 0. 264 0.00092 
4-0.455 33: 0.401 0.00141 


*Assuming a value of «x in Eq. (8), a corresponding fe. may be computed, which when introduced into the 
stress-strain graph gives a new value of es, etc. 
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Ultimate moments were therefore calculated using Eq. (11), the strand 
stress-strain curve, and Eq. (3a). The deformed bars were yielding at failure. 
The average Mi.s:/M.a for group 4 is 1.08. This high ratio suggests that 
the deformed bars may have been stressed into strain hardening before 
failure took place. 


Comparison of ultimate strengths—The effect of reinforcement type on 
ultimate moment is studied in Fig. 7, in which measured ultimate moments 
divided by f.’bd* are plotted versus g, for all beams tested. Curves repre- 
senting the applicable ultimate strength equations are also entered in the 
figure for an average prestress f,, = 121 ksi. 

All conventional reinforcement yielded before the ultimate moment was 
reached. The strength of the beams in group 5 is therefore represented by 
Eq. (3) with f.. = fy. 

Yielding of the prestressed reinforcement is expressed by the 1.0 percent 
offset yield strength, f, = 235 ksi, which corresponds to a total strain of 
almost 2 percent. Only in the lightly reinforced pretensioned beam 1-—0.141, 
therefore, was the yield strength of the strands developed at failure. The 
remaining bonded beams failed by crushing of the concrete compression zone 
at strand stresses below the yield strength (Fig. 7). 

All unbonded prestressed beams failed by concrete crushing at lower strand 
stresses than the corresponding bonded beams. This is clearly evident from 
Fig. 8 in which observed changes in strand stress due to flexural loading 


from zero load to failure are plotted versus q,. Theoretical curves represent- 
ing Eq. (8) and (11) are plotted for f,. = 121 ksi. To indicate effects of 
variations in Eq. (10), a curve corresponding to Fe, = 1.2 k, & 0.003 is also 
shown in the figure. 


Increased ultimate moments resulting from the increased ultimate strand 
stresses due to bonding appear in Fig. 7 and Table 1. The average measured 
ultimate moment of the two bonded beams corresponding to each of the 
unbonded beams 3-0.144, 3-0.307, and 3-0.428, exceeded the measured 
ultimate moments of these unbonded beams by 39, 26, and 21 percent, re- 
spectively. It is again important to note that these percentages refer to tests 
carried out with third-point loading over a span 13 times the effective beam 
depth and with an effective prestress of about 120 ksi. Had the span been 
longer, the loading been concentrated closer to midspan, or had the prestress 
been lower, the strength of bonded beams would most probably have exceeded 
that of similar unbonded beams by a greater percentage. 

In each of the three beams in group 4, one unbonded strand was replaced 
by two #4 deformed bars. The force in the two bars stressed to their yield 
point is nearly equal to the force in one 3%-in. strand stressed to its yield 
strength. Fig. 7 indicates that such replacement increased the ultimate 
strength of the unbonded beams. The reason for this is essentially that the 
deformed bars carried their full -yield-point load at failure, while the strand 
they replaced would not have reached the yield-stress load. Though the 
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Fig. 8—Effect of bond on change in strand stress due to bending to failure 


crack pattern of unbonded beams was improved, Fig. 8 shows that replacing 
one strand did not significantly increase the stress at beam failure of the 
remaining strands. It is felt, however, that these observations with 0.8 
percent deformed bar reinforcement did not entirely rule out the possibility 
that a higher percentage of deformed bars may increase the change in un- 
bonded ‘strand stress due to loading. 


Midspan deflections 

Performance of the five types of reinforcement are compared in terms of 
moment-deflection diagrams in Fig. 9. The applied moments are divided 
by the potential ultimate moment corresponding to yielding of all rein- 
foreement. This potential strength was, of course, not developed for high 
percentages of prestressed reinforcement. 

The moment-deflection characteristics of the pre-tensioned beams of 
group 1, post-tensioned grouted beams of group 2, and the prestressed beams 
with deformed bars added of group 4, are similar except that the cracking 
moments of group 4 beams are lower. This may be expected because the 
beams of group 4 had a smaller prestressing force resulting from replacing 
one strand by conventional deformed bars. 

Over the entire range of steel percentages the general moment-deflection 
relationships may be characterized as follows. The prestressed beams de- 
flected less in response to load than the conventionally reinforced members 
in the working load range, that is, after cracking of the conventionally rein- 
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Fig. 9—Midspan deflection from zero load to failure 
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forced but before cracking of the prestressed beams. This, of course, is a 
result of the prestress employed. At loads near ultimate, however, deflections 
ff the prestressed beams were greater than those of the conventionally rein- 
foreed ones. 

In accord with findings in earlier investigations’ the deflection at failure 
of all beam groups decreased as the amount of reinforcement was increased. 
The three portions of Fig. 9 are plotted to different horizontal scales.) 
Deflection recovery 

The load was released during the beam tests at approximately 25, 50, 75, 
and in some instances 85 percent of the ultimate load. The recovery of the 
midspan deflections was noted at each load release, and the results are given 
in Fig. 10 in terms of total deflection minus permanent set divided by total 
deflection, and expressed in percent. 

Bonded prestressed beams showed about 90 percent recovery at all load 
releases and for all values of g,. Unbonded beams 3-0.307 and 3-—0.428, as 
well as beam 4—0.455 of the group with deformed bars added, also recovered 
about 90 percent at all load releases. Beams 3—0.144, 4-0.131 and 4-0.285 
showed about 90 percent recovery at 25 percent of the ultimate load but the 
recovery percentage decreased with increasing load. 

The conventionally reinforced beams of group 5 showed recovery of a 
smaller percentage at the lower loads than at the higher loads. This is possibly 
because some slip took place near tension cracks in the concrete at the lower 
loads before the bar deformations were seated firmly. The recovery at high 
loads of all conventionally reinforced beams was about 80 percent. 
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Fig. 10—Deflection recovery 
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Bond 


Some strain data were obtained from the three pre-tensioned beams of group 
1 which indicate the prestress transfer length of the %4-in. rusted strands. 
Gages attached to the strands about 12 in. from the beam ends showed strains 
after transfer of 101, 97, and 97 percent of the average strain at the remaining 
gage points (Fig. 1). It appears, therefore, that the prestress transfer length 


was less than 12 in. for 34-in. rusted strands released into a 4000-psi concrete 


Little can be said of the flexural bond stresses developed in the pre-tensioned 
and the post-tensioned bonded beams by way of comparison with information 
obtained from earlier bond studies.'' The beams in this series were loaded 
at the third-points.' As a result there was no control of the position of flexural 
cracks, and the strain gages were not usually at or near the cracks, as they 
must be to derive the maximum values of flexural bond stress. However, a 
general comparison between the bond behavior of pre-tensioned and _post- 
tensioned grouted beams may be made from the following observations. The 
distribution of strand strains at gage points along the length of the strands 
was similar for each corresponding pair of pre-tensioned and grouted beams. 
More important, a similarity in flexural bond performance of the two types 
of bonded beams is indicated by the ultimate moments (Fig. 7), changes in 
strand stress due to bending (Fig. 8), and midspan deflections (Fig. 9). If 
the grouted beams fell short of the pre-tensioned beams from a bond standpoint, 
these properties would have approached those of the unbonded beams. 


CONCLUDING REMARKS 


The investigation reported here was conducted with the primary objective 
of providing a comparison with respect to behavior at high loads and ultimate 
strength of structural concrete beams in which the type of reinforcement 
varied. The principal test variables were three reinforcement percentages 
and five types of straight tension reinforcement: (1) pre-tensioned, (2) post- 
tensioned grouted, (3) post-tensioned unbonded, (4) post-tensioned unbonded 
with deformed bars added, and (5) conventional deformed bar reinforcement. 


Flexural strength 


An ultimate strength analysis of the Stiissi type, involving equilibrium and 
strain compatibility equations, permitted satisfactory prediction of the effects 
of all important variables on flexural strength. The basic assumptions and 
the numerical constants involved are confirmed by the findings of other 
investigators and by strain measurements reported here. 


The strengths of the pre-tensioned and the corresponding post-tensioned 
bonded beams tested were nearly equal, and 20 to 40 percent higher than the 
strength of the corresponding unbonded post-tensioned beams. It is believed 
that this strength increase due to bonding varies with reinforcement percentage 
magnitude of steel prestress, beam span-to-depth ratio, and type of loading. 
For extreme combinations of variables, strength increases ranging from zero 
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igh percentage, high prestress, short beams) to over 100 percent (low 
ercentage, low prestress, long beams, loads near midspan) seem possible. 

Unbonded beams tested in which one strand was replaced by embedded 
deformed bars gave ultimate strengths close to those of corresponding bonded 
prestressed beams. 


Deflections 

Midspan deflections were, of course, smaller for prestressed than for con- 
ventionally reinforced beams in the working load range. At loads near ulti- 
mate, however, the reverse was true. The unbonded prestressed beams 
deflected more than the other prestressed beams when the cracking moment 
was exceeded. The deflection at failure of all beams decreased as the amount 
of reinforcement was increased. 


Deflection recovery 

Over the entire range of loading, the prestressed beams were more elastic 
than the conventionally reinforced beams with respect to recovery after 
removal of loads. The recovery of the prestressed beams was about 90 per- 
cent for load releases up to 85 percent of the ultimate load. Conventionally 
reinforced beams recovered about 70 percent in the working load range and 
about 80 percent at high loads. 


Bond 


The prestress transfer length developed when pre-tensioned *%-in. rusted 
strand was released into 4000-psi concrete was not greater than 12 in. Simi- 
larity in over-all performance of the pre-tensioned and post-tensioned grouted 
beams indicated that the bond between grout and steel was as satisfactory 
as that between embedded -steel and concrete. 
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Testing of Batching Controls and Recorders 
for Concrete Plants* 


By WOODROW L. BURGESSt and CECIL H. WILLETTSt 


SYNOPSIS 


Commercially available concrete batching and recording equipment were 
tested to obtain performance data. Six mixtures were employed using pea 
gravel (100 percent passing *¢-in. sieve) to simulate the materials normally 
contained in concrete mixtures. A minimum of 500 batches was used to 
evaluate the weighing and recording equipment. One material or group of 
materials was selected from every fifth batch to be weighed to check the 
accuracy of the weighing equipment. These tests form a part of the Corps 
of Engineers Civil Works Investigations Program. 


INTRODUCTION 


During late 1953 and early 1954, a test program sponsored by the Corps of 
Engineers was conducted at the Concrete Division Laboratory of the Water- 
ways Experiment Station to obtain performance data on commercially avail- 
able batching controls and recorders for concrete batching plants. Accuracy 
in batching is essential to the production of uniform concrete, yet it has not 
generally been known what degree of accuracy could be demanded of available 
batching equipment. An accurate recorder is desirable for most concrete plants 
because (1) it can serve as a continuous indicator of batching conditions, and 
2) it can provide a permanent record for payment purposes and for determining 
compliance with specified proportioning. 

Fourteen manufacturers were invited to submit batching controls and re- 
corders for testing. Equipment was received from the following: 

The Noble Co., Oakland, Calif. 

The Conveyor Co., Los Angeles, Calif. 
The Hardy Scales Co., Maywood, Calif. 
The Butler Bin Co., Waukesha, Wis. 
The C. 8. Johnson Co., Champaign, III. 
The Blaw-Knox Co., Pittsburgh, Pa. 


The equipment was installed and tested in a 2-cu yd capacity batching plant 
with overhead storage compartments. This plant permits cement and water 


*Presented at the ACI 51st annual convention, Milwaukee, Wis., Feb. 23, 1955. Title No. 52-38 is a part of 
copyrighted JouRNAL oF THE AMERICAN CONCRETE INstITUTE, V. 27, No. 6, Feb. 1956, Proceedings V. 52. 
Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than June 1, 1956. Address 18263 W. MeNichols Rd., Detroit 19, Mich 

tMember American Concrete Institute, Engineer, Concrete Branch, Engineering Division (Civil Works 
Office, Chief of Engineers, U. 8S. Army, Washington, D. C. 

tMember American Concrete Institute, Engineer, Concrete Division, Waterways Experiment Station, Corps of 
Engineers, U. 8S. Army, Jackson, Miss. 
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to be weighed individually; the aggregates are cumulatively weighed. Each 
participating manufacturer was responsible for installing and adjusting his 
equipment. 


TESTING 
Materials 
Pea gravel (100 percent passing %4-in. sieve) was used to simulate each of 
the materials normally contained in concrete mixtures. The weight of each 
material was automatically recorded as it was batched. 


Simulated concrete mixtures 

Not less than 500 simulated concrete batches, each of 2 cu yd volume, were 
produced from four basic mixtures (a, b, ¢, and d), using the weighing and 
recording equipment furnished by Noble Co., Conveyor Co., Butler Bin Co., 
and C. 8. Johnson Co. The equipment furnished by Hardy Scales Co. was 
used to test mixtures c and d only. Data on the batches are as follows: 


Material Mixture a Mixture b Mixture ¢ Mixture d 


Cement, Ib 5: 2: 564 940 
Sand, Ib 2¢ 5 1780 2030 
No. 4—%-in. aggregate, lb 905 1410 2385 
%{-1\-in. aggregate, lb 5 2 1970 2385 
144-3-in. aggregate, lb : 

3—6-in. aggregate, lb E f 

Water, lb 376 326 3 470 
Total (without water), lb t 975 7740 
Total aggregate, lb if s5E 5 6800 
Cement factor, bags per cu yd : 2.2! : 5.00 
Sand-aggregate ratio, percent : : 30.0 
Water-cement ratio (by weight) 77 j 0.50 
Mixture type 6-in. exterior 6-in. interior 3 in. 1% in. 


Not less than 500 simulated concrete batches were produeed from two basic 
mixtures using the weighing and recording equipment furnished by Blaw 
Knox Co. Simulated coarse aggregate larger than 11% in. was not used 
because the equipment tested contained only three aggregate weighing units 
Data on these batches are as follows: 


Material | Mixture e } Mixture f 


Cement, Ib 470 682 
Sand, lb 1015 | 1470 
No. 4—%-in. aggregate, lb 1200 | 1730 
34-14-in. aggregate, lb 1200 1730 
Water, lb 267 387 
Total (without water), lb 3885 5612 
Total aggregate, lb B41 4930 
Cement factor, bags per cu yd 5. 5.00 
Sand-aggregate ratio, percent 2¢ | 29.7 
Water-cement ratio (by weight) 57 0.57 
Volume of batch, cu yd ; 1.45 


Procedures 

One material or group of materials was selected from every fifth batch to be 
reweighed to check the accuracy of the weighing equipment. A general outlin¢ 
of the reweighing routine is given below. 

Batches to be check-weighed were caught in a specially prepared dump 
truck and taken to the weighing area where the weight of the batch wa 





TESTING OF BATCHING CONTROLS 


Mixture No. of batches | Batch checked Batch component weighed 


a 1 § Cement 
through %4-in. aggregate 
20 f %4- plus 1%-in. aggregate 
Total batch including cement 
21 2§ Cement 
through : Cement 
60 : %4-in. aggregate 
%- plus 1%- plus 3-in. aggregate 
4%4- plus 1- plus 3-in. aggregate plus sand 
Total aggregate 
%- plus 1%-in. aggregate 
34-in. aggregate 
61 i Cement 
through 34-in. aggregate 
80 %4- plus 1%- plus 3-in. aggregate 
Total aggregate 
81 ‘ Cement 
through ( %{-in. aggregate 
100 95 %- plus 1%-in. aggregate 
100 Total aggregate 


Note: This sequence was repeated for batches 101 to 200, 201 to 300, 301 to 400, and 401 to 500 


determined by use of a dial scale having a maximum capacity of 2600 lb. 
Batches that were not check-weighed were caught in dump trucks and taken 
to the conveyor belt hopper and returned to the overhead bins of the batch 
plant. 


TEST RESULTS 


The results obtained by check-weighing 618 simulated concrete aggregate 
batches and 128 simulated cement batches are shown in Fig. 1, 2, 3, and 4 and 
Tables 1 and 2. Since the recorder furnished by one company indicated 
variations in batch weights but did not permit an accurate determination of 
the degree of variation, the number of tests involving this recorder was reduced 
to 409 for aggregate and 108 for cement. 


The magnitude and distribution of deviation of the batching controls and 
recorder in terms of percent variation from actual weight determinations are 
shown in Fig. 1 and 2. Fig. 3 and 4 indicate the percentage of tests having a 
variation of less than 1, 2, and 3 percent from actual weight. Tables | and 2 
are summaries of all tests performed. 


The equipment was tested in a cumulative-weighing type of plant. However, 
all equipment tested is considered adaptable to either a cumulative-weighing 
or an individual-weighing type of plant. 

All equipment tested provided a satisfactory interlock to prevent a batching 
cycle from being started before all batchers had been emptied. 

All equipment tested provided satisfactory indicating devices either in form 
of a springless dial which indicated scale loads at all stages of the weighing 
operations or in the form of an over-under indicator which showed the scale 
in balance at zero load and at any beam setting. 


The following characteristics of the recorders tested are considered pertinent 
to all. 
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Recorder characteristics 


Graphic recorder 

Printing recorder 

Housed in a single cabinet 

Capable of being locked 

All records on single chart 

Time recorded at not more than 15-min. intervals 
Records identity of each batch 

Variations in batch weights readily observable 

9. Indicates weights before and after discharge 

10. Convenient for observation 


tie ON 


— 
a) 


ro 


*Recorder of company F shows variations in batch weights but does not permit accurate determinations 
the degree of variation. 


CONCLUSIONS 


The weighted mean variation between scale setting for aggregate batching 
and actual check weight determinations in 490 tests was 1.0 percent. For the 
same series of tests the weighted mean variation between the recorded weights 
and actual check weights was 1.2 percent. 

The weighted mean variation between scale setting for cement batching and 
actual check weight determinations in 128 tests was 0.7 percent. For the 
same series of tests the weighted mean variation between recorded weights and 
actual check weights was 1.3 percent. 

The value of any recorder must be its ability to record within specified 
tolerances the actual batch weight or the weight of each component of the batch. 
In 490 aggregate batching operations the scale setting indicated 3 percent no 
variation, 47 percent over, and 50 percent under actual weight determinations 
while for this same operation the percentages for the recorder were as follows 
2 percent, no variation; 51 percent, over; and 47 percent, under. In 128 cement 
batching operations the scales were: no variation, 12 percent; over, 26 percent; 
and under, 62 percent of the actual weight determination. For the same 


series of tests the recorder indicated the following: no variation, 3 percent; 
over, 44 percent; under, 53 percent. 


The above data indicate that the recorders used for checking the aggregate 
batching equipment are significantly accurate, but that when used with cement 
batching equipment are significantly inadequate. 


REVISIONS TO GUIDE SPECIFICATIONS 


Corps of Engineers guide specifications which are used for significant projects 
are CE 1401.01, “Standard Guide Specification for Concrete’”’; CE 806 (IN 
“Concrete for Pavement’; and CE 204 (INT), “Concrete for Building Co 
struction.” As a result of this investigation the sections covering batching 
and mixing were deleted from the guides. The information developed by th 
investigation together with plant costs obtained from the manufacturers wer 
used to prepare optional sections covering three types of batching and mixing 
facilities. 
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Fig. 1—Comparisons of scale settings versus actual weights for batching 
equipment manufactured by companies A, B, C, D, E, and F 
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Fig. 2—Comparisons of recorder indications versus actual weights for batching 
equipment manufactured by companies A, B, C, D, and E 


Recorder of company F shows variation in batch weights but does not permit accurate numerical 
determination of the degree of variation 
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These are designated the manual plant, the semi-automatic plant, and the 
automatic plant; progressing from the simplest and least expensive one to the 
ones providing more control at increased expense. General requirements for 
the plants are shown in Table 3. It should be noted that requirements are 
minimum for each plant; a plant meeting the requirements for a semi-auto- 
matic plant is acceptable where a manual plant is specified, and an automatic 
plant is acceptable in the place of either a manual plant or a semi-automatic 
plant. The specified batching accuracy is the same for each plant; scales may 
be either dial scales or beam scales with over-under-balance indicators. 
Manual plant 

Recorders and interlocks are not required for the manual plant. Aggregates 
may be weighed cumulatively in one batcher on the same scale. Cement is 
required to be weighed on a separate scale either in a separate batcher or in a 
batcher attached to the aggregate batcher. Water may be batched by weight 
or by volume. A batch counter is required to automatically count the total 
number of batches. Facilities are required for sampling concrete. 


Semi-automatic plant 


Interlocks and recorders are required for the semi-automatic plant. The 
record must be produced on not more than two separate charts or tapes. 
Aggregates may be weighed cumulatively in one batcher on one scale. Cement 
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is required to be weighed on a separate scale in a separate batcher. Wate: 
may be batched by weight or by volume. A batch counter is required to auto- 
matically count the total number of batches. Facilities are required for 
sampling concrete. 


Automatic plant 

Interlocks and a recorder are required for the automatic plant. The record 
must be produced on a single chart or tape. A separate batcher and scale |s 
required for each material. The air-entraining admixture may be batched by 
volume. The batchers must be arranged and the sequence and timing o! 
discharge gates must be controlled to produce a ribboning of the aggregates 


and the cement as they pass into the mixer. Batch counters are required 
to automatically count the total number of batches of all classes of concret: 
and the number of batches of each class of concrete. Facilities are required 
for sampling the aggregates and the concrete. 





TESTING OF BATCHING CONTROLS 


TABLE 1—RESULTS OF AGGREGATE WEIGH TESTS FOR BATCHING 
EQUIPMENT MANUFACTURED BY COMPANIES A, B, C, D, E, AND F 


Scale settings versus actual weight Recorded weight versus actual weight 


npany No Seale | Scale Range Average No tecorder Recorder tange Average 
Number | vari- | greater less variation,| vari- vari greater less variation,| vari 
of tests ations) than than percent | ation, ations than than percent ation 

actual actual percent actual actual percent 


+1.0 
15 75 ; to 
13.3 


otal 
Weighted 

mean 

*No weight recorded for one batch. 

tT wo tests withdrawn due to circumstances beyond control of equipment under test 

tRecorder of company F indicates variation in batch weights but does not permit an accurate numerical 
mination of variance 


TABLE 2—RESULTS OF CEMENT WEIGH TESTS FOR BATCHING 
EQUIPMENT MANUFACTURED BY COMPANIES A, B, C, D, E, AND 


Scale settings versus actual weight Recorded weight versus actual weig! 
Company No Scale Scale Range Average No Recorder Recorder tange Ay 
Number | vari- | greater less variation vari vari greater less variation 
of tests | ations| than than percent ation, | ations than than percent 
actual | actual percent actual actual 


21 


I 20 


Total 128 16 
Weighted 
mean 1.4 


*Recorder of company F indicates variation in batch weights, but does not permit an accurate numerical deter 
mination of variance 
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Construction of hydraulic structures 


For hydraulic structures, the selection of the type of plant is made on the 
following basis: (1) the automatic plant is specified for projects using more 


than two size-groups of coarse aggregates, (2) the semi-automatic plant is 
specified for projects using not more than two size-groups of coarse aggregates 
and containing more than 5000 cu yd of concrete, and (3) the manual plant is 
specified for projects using not more than two size-groups of coarse aggregates 
and containing 5000 cu yd or less of concrete; if economic considerations 
warrant, the semi-automatic plant may be specified for projects containing 
less than 5000 cu yd. 


Pavement construction 


For pavements, the selection of the type of plant is made on the following 
basis: (1) the semi-automatic plant is specified for projects containing more 
than 5000 cu yd of concrete, and (2) the manual plant is specified for projects 
containing 5000 cu yd or less of concrete; if economic considerations warrant, 
the semi-automatic plant may be specified for projects containing less than 
5000 cu yd. 


Building construction 


For building construction, either a manual plant or a semi-automatic plant 
may be used subject to approval of the contracting officer. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourRNAL pages. 





Title No. 52-39 


Porosity of Hardened Portland Cement Pastes’* 


By L. E. COPELAND? and J. C. HAYESt 
SYNOPSIS 


Continued study of the properties of hardened portland cement pastes 
has provided information which makes it possible to estimate porosity of 
pastes more precisely than is possible by using the original equations of Powers 
and Brownyard. The total pore volume of hardened pastes is 0.99 w,. 
Capillary pore volume is the difference between total pore volume and pore 
volume characteristic of the gel in hardened pastes. 

The pore volume of the gel is assumed to be the lowest pore volume that 
has been observed in hardened pastes. The paste with the lowest pore 
volume was made with w,/c = 0.235 and cured for 11 years. The gel porosity 
calculated for this paste is 0.26. The average number of layers of water 
molecules on the surface of this saturated gel is 2.38. 


INTRODUCTION 

Definitions of symbols 
nonevaporable water per gram of » apparent specific volume of the total 
cement in a completely hydrated paste water 
weight of cement i partial specific volume of water 
density of a saturated hardened paste V,, = weight of water required to form an 
porosity of hardened paste adsorbed monolayer over the surface 
ratio of V», to wy in a hardened paste 
capillary pore volume in hardened "> = volume of paste 
paste % = weight of evaporable water in the 
gel pore volume in hardened paste hardened paste 
total pore volume in hardened paste w, = weight of nonevaporable water in the 
specific volume of pure water hardened paste 
specific volume of cement ) weight of total water in the hardened 
specific volume of hydration products paste 


General relationships 

The fact that a hardened portland cement paste that is saturated with water 
can lose all of its evaporable water with only a slight change in volume im- 
plies that the hardened paste is porous. A study of relationships between 
the properties and porosities of hardened pastes led Powers and Brownyard! 
to conclude that there are two classes of pores: (1) gel pores—small pores 
between the gel particles, and (2) capillary pores—pores larger than gel pores 
which exist between aggregates of gel particles. 

_*Received by the Institute Jan. 27, 1955. Title No. 52-39 is a part of copyrighted JourNAL or THE AMERICAN 
Concrete Instiruts, V. 27, No. 6, Feb. 1956, Proceedings V. 52. Separate prints are available at 35 cents 
each. Discussion (copies in triplicate) should reach the Institute not later than June 1, 1956. Address 18263 W. 
MeNichols Rd., Detroit 19, Mich. 

tSenior Research Chemist, Research and Development Division, Portland Cement Assn., Chicago, Ill. 


_ Senior Research Chemist, Zonolite Co., Chicago, Ill. (formerly Assistant Research Chemist, Portland 
Cement Assn.). 
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Some of the physical properties of a hardened paste, the permeability to 
water for example, depend upon the total porosity; other properties, such as 
compressive strength and resistance to freezing, are related to the capillary 
porosity. Therefore, an accurate equation for capillary porosity is necessary 
to evaluate precisely the effect of capillary and gel porosities upon the prop- 
erties of the paste. 


Some of the details of the Powers and Brownyard model have been changed 
as a result of continued research. We have found that their equation for 
calculating capillary porosity gives negative values in a few instances; con- 
sequently, the problem of computing the porosity from certain readily measured 
properties of the paste has been studied further so as to understand the cause 
for the negative results and to obtain a more accurate equation. 

The equation for calculating capillary pore volume, p,, given by Powers 
and Brownyard, is 

Peo = Wo — 4 (1 + nk) wy A | 
where w, is the original net* water content of the fresh paste, w, is the non- 
evaporable water content of the saturated, hardened paste, v; is the minimum 
value of the apparent specific volume of the total water that can exist in 
saturated pastes, n is the average number of layers of water in the gel pores, 
and k is the ratio of the amount of water necessary to form a monolayer on 
the gel to the nonevaporable water content of the paste. 

The apparent specific volume of water in hardened paste is the difference 
between the volume of the paste and the volume of the cement it contains 
divided by the weight of water, both free and chemically combined, in the 
paste. That is 
Vp — cv, 
vy = — 

Ws 

The partial specific volume of the water is the rate of change of volume of the 
paste with respect to the change in the weight of water it contains at a constant 
cement content, and nonevaporable water content 


eV, 
Vo = | —2 
Ow, cy Wn 


We investigated each of the factors in Eq. (1) and found that the porosity ot 
the gel is considerably smaller than was estimated from the pastes available 
to Powers and Brownyard. In addition, discovery that the partial specific 


volume of evaporable water in saturated pastes is constant* suggested a 


simpler basis than that used previously for calculating porosity. The total 
pore volume of a hardened paste is equal to the volume of the solution held 
by its pores when the paste is saturated. This volume can be estimated from 
the total water content and the partial specific volume of the water in saturated 
pastes. The gel pore volume can be estimated in the same manner from pastes 


*Corrected for bleeding, if any. 


eres Cree 
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1ich contain no capillary pores. The capillary pore volume is simply the 


\ifference between the total and gel pore volumes. 


EXPERIMENTAL PROCEDURES 
Materials 
Pastes were prepared from five different cements covering a wide range of 
cement compositions. The computed potential compound compositions of 
the cements are given in Table 1. 


Preparation of samples 

The pastes used in this investigation were, with the exceptions noted below, 
mixed in a vacuum by the method described in a previous paper.* Since the 
pastes so prepared were free from air bubbles, their water contents could be 
determined accurately from simple drying or ignition procedures. 

The pastes were cured under water at 73 F, in closed glass molds. 

Some of the results considered here were obtained upon pastes prepared for 
other projects. Although curing procedures varied, care was exercised to 
include only the results obtained on saturated pastes. The samples may be 
separated into three groups: 

Group 1—These specimens were prepared for permeability studies. There 
is evidence that some leaching of lime and alkali occurred during the perme- 
ability test. 

(rroup 2—These pastes were prepared to determine the relationship between 
the specific surface and the nonevaporable water over as great a range in 
nonevaporable water as possible. 

Group 3—A series of specimens were prepared in 1940 in accordance with the 
procedure used for autoclave tests of cements. The specimens were cured in a 
moist closet during the first 24 hr and under water at 73 F until analyzed at the 


end of 11 years. Water-cement ratios ranged from 0.215 to 0.25 by weight. 


These pastes were not vacuum mixed. Freshly broken surfaces of the 
specimens appeared wet, indicating that the specimens were saturated. Little 
leaching occurred during the 11-year curing period. This was shown by com- 
paring the chemical analysis of the cured paste with the original analysis of 
the cement. 


TABLE 1—PROPERTIES OF CEMENTS USED IN POROSITY INVESTIGATION 


Specific Specific Loss on Computed potential compound 
Cement surface of cement volume ignition composition, percent 
lot No. (Wagner), of cement percent 
8q cm per g cu cm per g 3 ‘2 , C,Al 


15754 1800 319 0.95 7 
15756 1800 315 1.39 
15758 1800 322 1.56 
15761 1800 317 0.40 
15763 1800 311 0.74 
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Analytical methods 

The total water content, w:, of saturated, hardened pastes prepared by the 
vacuum mixing procedures was calculated directly from the ignition loss, at 
1900 F, of the paste. A correction for the original ignition loss of the cement 
was made. (When the pastes contained air voids, the total water content was 
found from the sum of nonevaporable water and evaporable water, the latter 
being determined by the procedure described by Powers and Brownyard. 

The densities, d,, of the saturated pastes prepared by the vacuum mixing 
procedure were determined by a specific gravity balance. This determination 
was made upon the sample before it was crushed and dried for other tests. 
For pastes of group 3, the density determination was performed on samples 
which were granulated to eliminate voids. The grinding was done in a con- 
trolled atmosphere cabinet where the air was saturated with water and free 
of COs. 

Nonevaporable water in the samples, w,, was determined from the ignition 
loss at 1900 F of samples dried in an evacuated desiccator connected to a trap 
cooled by dry ice and alcohol.® 

From the density and total water content of vacuum-mixed, saturated 
specimens it is possible to calculate original water content, w., assuming that 
no over-all volume change occurs during the hydration period. Let ¢ and w 
represent the weight of the cement and total water, respectively, in the 
hardened paste. Then 

i c+ wy . (9 

Ve + Wt 
where v». and v, are the specific volume of the cement and apparent specific 
volume of the total water, respectively, and d, is the paste density. If the 
volume does not change during the hydration period 


CVe + Wilt = CV. + WV’. . : , . (3 


where w, is the original water content and v? is the specific volume of chemically 
free water. From Eq. (2) and (3) 


1 + w;/c 

d, 
The volume occupied by the original water is given by the right-hand member 
of Eq. (4); v® is 0.99,? so that the weight ratio, w,/c, is readily determined. 


— v, ‘ (4 


The specific areas of the pastes were estimated from water-adsorption meas- 
urements. The amounts of water ad- 

TABLE 2—RELATIVE VAPOR PRES- sorbed at four different relative vapor 
ao” Gane tee SOLUTIONS pressures were determined by meas- 
USED FOR RELA- ~ 

uring the weight increase of samples, 

TIVE VAPOR PRESSURE CONTROL | ~ ha eg 
dried to the nonevaporable water 

NaOH -H.0 | 0.0703 state, suspended from silica springs 
LiCl- H,O 0.1105 in glass jackets. Each jacket was 
MgCl -6H,0 0 3300 evacuated after the introduction ol 
the sample, then connected to a ves- 
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containing a saturated solution of a pure compound. The four compounds 

d the relative vapor pressures over their saturated solutions are listed in 

ible 2. 

The two parameters, V, and C, of the BET adsorption equation® were 
calculated from adsorption data. V,, is the amount of water necessary to form 
a complete monolayer over the surface, and C is related to the average heat of 
adsorption in the first layer. 


DISCUSSION 
Total pore volume in hardened pastes 

Powers and Brownyard determined the specific volume of the solid phases 
in hardened pastes by a helium-displacement method and obtained the volume 
of pores from the difference between over-all volume and volume of the solid 
phases. Then from the mass of water in saturated samples they concluded 
that water in gel pores had a smaller specific volume than water in capillary 
pores. The difference between the specific volume of gel and capillary water 
complicated the calculation of porosity of pastes. In an investigation reported 
in another paper we found, by a water-displacement method, that partial 
specific volume of gel water is equal to that of capillary water in saturated 
pastes.2. This simplifies determination of the total pore volume in hardened 
pastes. 

The pores of a saturated paste are filled with a solution of soluble cement 
constituents, principally alkalies, in chemically free water. We cannot de- 
termine directly the density of this solution, but we have determined that 
partial specific volume of chemically free water in pastes made from certain 
low-alkali cements is 0.99. It is not likely that variations in cement com- 
position, including variations in alkali content, will-affect this value appre- 
ciably. Consequently, we can use it to approximate closely the volume of the 
solution in the pores of hardened pastes by calculating the volume occupied by 
chemically free water in saturated paste. This approximation has been applied 
to solutions of KOH and NaOH in the range of concentrations to be expected 
in hardened pastes. The difference between approximated volume and true 
volume of the solution is less than 0.5 percent. Even if the concentration of 
alkali in the evaporable water were twice the probable highest concentration, 
the error would be below 1 percent. We believe, therefore, that the error in 
pore volume associated with this approximation is less than 0.5 percent. The 
evaporable water content is assumed to be equal to the chemically free water 
content of hardened pastes. 

In other words, within 0.5 percent, the total pore volume, p,, of a hardened 
paste is equal to the weight of evaporable water in the saturated paste multi- 
plied by 0.99, i.e., 


Pe = 0.99w, = 0.99(w, — w,)... (5) 


Since the water gained by the paste during the curing period is given by 
Wi — Wo = 0.254w, (Ref. 2) 
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TABLE 3—MEAN k VALUES FOR it follows that 
VARIOUS CEMENTS pe = 0.9% w, — 0.746w,) 


Cement Gel pore volume 
No. . , 
ts Powers and Brownyard concluded 
15754 that the framework of a hardened 
15756 aste was a gel whict sessed 
15758 ‘ pas as a ge ich possessed its 
15761 : own characteristic porosity. They 
15763 . 
— had evidence that the gel pores could 
hold a quantity of water equal to 4), 
or the equivalent, 44w,. The term n of Eq. (1) was thus assigned the value 
of 4 by Powers and Brownyard. 


When the procedure for determining w, was revised,’ it became necessary 


to investigate again the relationship between V,, and w,. The later work 
shows that V,,, is proportional to w, in pastes made from cements with normal 
C.S8 and C,8 contents, but V,, may not be exactly proportional to w, in pastes 
made from cements with high C.S8 contents. Since the departure from pro 
portionality is small, even if real, we shall ignore it, and use the values of / 
reported in Table 3 for different cements. These values are different from those 
reported by Powers and Brownyard because of the difference in the method 
of determining w,. The relationship between V,, and w, will be discussed i 
more detail in another paper. 

The proportionality of V,, to w, implies that the specific surface of the hy- 
dration products is a constant and is independent of the extent of hydration 
of the cement in the paste. Apparently, gel particles do not grow larger as 
hydration proceeds; but new particles, similar in size to those first formed, are 
produced. It seems reasonable to suppose that a mecNanism that produces 
gel particles of fairly uniform size should also produce a fairly uniform mode 
of packing these particles; consequently, the gel would possess a characteristic 
porosity. 

The minimum value of the ratio w./V,, for hardened pastes is a measure ol 
gel porosity, for pores of saturated hardened paste are filled with evaporable 
water; and surface area, which is proportional to V,,, is due to colloidal hy- 
dration products comprising the gel. The lowest value of w,/V,, found for 
pastes investigated in this work is 2.38. We have not been able to establish 
the minimum value, although the proportionality between V,,, and w, implies 
that a gel porosity corresponding to w,/V,, 2 1 must exist. 

The general results we have obtained in attempting to determine a minimum 
value for w,/V,, are illustrated by the following consideration : 


Since 
(“ ) l 
={-—-1 
Wp, k 


it follows that if a lower limit for w,/V,, exists, a lower limit for w, w, must 
also exist. In a saturated paste w,/w, is related to the original water-cem: 
ratio, w,/c, by the equation :* 
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From Eq. (7) we should expect then that the ratio w,/w, for saturated, 
hardened pastes having the same w,,/c would lie on a straight line when plotted 
against w,/e. The intercept of this line at w,/c=0 should be 0.254, and the 
slope 1/(w,/c). Fig. 1 is a plot of two sets of data. These data were obtained 
on pastes at ages up to 11 years. The points are close to the theoretical lines 
and show no break, indicating that the minimum w, w, has not been reached. 
The lowest values of w,/w, were reached after 11 years; it is not likely that 
values appreciably lower than these will ever be reached. It will probably be 
necessary to deduce the minimum values of w, w, and w, V,, from other types 
of measurements. 
The porosity, «, of a hardened paste containing neither unhydrated cement 
nor capillary pores is 
0.99w, w./V, 


= _ 
mil + w, + 0.99, mil + 
a a 


0.99k 
where v, is the specific volume of the hydration products and a is the maximum 
value of w,/c. Porosities calculated from Eq. (8) with w,/V,,=2.38 range 
from 0.26 to 0.28 for the cements studied here. These porosities are close to 
that characteristic of a close-packed system of uniformly sized spheres, 0.26. 
Inequality of particle size in a close-packed system could lead to porosities 
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smaller than 0.26 and consequently to ratios of w./V,, smaller than 2.38 


is, 


We believe, however, that particle size distribution in gels is narrow; t! 
gel porosity should not fall much below 0.26. 
Accordingly, the best estimation of p, now possible is given by 


p, = 0.99 XK 2.38V,, = 0.99 XK 2.38kw, = 2.36kw, 


Capillary pore volume in hardened pastes 

Capillary pores in hardened pastes are larger than gel pores. They exist 
as spaces that have not been filled by gel particles and may be completely 
surrounded by gel. The volume of the capillary pores, p., is the difference 
between the total pore volume of the hardened paste and the gel-pore volume 
It is calculated by combining Eq. (5) and (9). 


Pe = Pt — Po = V.99 [we — (1 + 2.38k )w,] 10 


pe = 0.99 [w. — (0.746 + 2.38k )w,| 
Porosity of hardened pastes 

The equations given above relate pore volume to nonevaporable water and 
total water in saturated, hardened pastes. Usually these quantities are ex- 
pressed as fractions of cement content of the pastes. Porosity is the pore 
volume in unit volume of paste and can be calculated from w, /c and w, ¢ by 
multiplying pore volume per unit weight of cement by amount of cement in a 
unit volume of paste. The equations for total and capillary porosity are 


We Ww» d, 
= 0.99 _ 
c c 


where d, is the density and V, is the volume of the paste. 
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Title No. 52-40 


Prestressed Concrete Elevated Tank 
for Dallas, Texas™ 


By J. J. CLOSNERT and T. CARMELT 


SYNOPSIS 


Describes briefly the design considerations for an elevated prestressed 
concrete water storage tank. Discusses in greater detail the use of slip-forms in 
constructing the 83-ft substructure and the concreting of the tank floor, walls, 
and dome roof and the prestressing of the walls and the dome ring. Rubber 
joint seals at top and bottom of the walls insured water tightness and _ pre- 
vented transfer of undesirable stresses from the walls to other parts of the 
structure. 


INTRODUCTION 


While more than 700 prestressed concrete underground, surface, and 
elevated tanks have been built successfully in North America, the 2,000,000- 
gal. elevated prestressed concrete water tank for the City of Dallas is believed 
to be the largest of this type ever built. Furthermore it is a structural solution 
in concrete in a field that heretofore had been considered to belong exclusively 
to steel. 


The structure consists of a prestressed concrete tank 98 ft 6 in. in diameter 
with a wall height of 35 ft resting on a 2 ft thick reinforced concrete slab. 
The tank and slab are supported on a substructure of four circular, con- 
centric reinforced walls 83 ft high. The over-all height of the structure from 
the footings to the top of the 4-in. thick concrete dome is 131 ft 6 in. The 
outer substructure wall was fluted for aesthetic reasons as the tank is located 
in a residential area (Fig. 1). 

The project was bid with prestressed concrete and steel in competition. 
The low bid for prestressed concrete tank was $229,000 with 120 working 
days to complete, and the low bid for a steel tank was $246,000 with 270 
working days to complete. While these bids show a lower first cost for con- 
crete, additional savings are the elimination of costly repetitive cleaning and 
painting required for a steel tank. 


*Presented at the ACI 5ist annual convention, Milwaukee, Wis.. Feb. 23, 1955. Title No. 52-40 is a part of 
copyrighted JouRNAL oF THE AMERICAN CoNCRETE INsTITUTE, V. 27, No. 6, Feb. 1956. Proceedings V. 52 
Separate prints are available at 35 cents each. Diseussion (copies in triplicate) should reach the Institute not later 
than June 1, 1956. Address 18263 W. MecNichols Rd., Detroit 19, Mich 

tMember American Concrete Institute, Vice-President, The Preload Co., Inc., New York, N. Y 

tMember American Concrete Institute, Manager, Concretor Equipment Division, B. M. Heede. Inc.. San 
Franciseo, Calif 
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DESIGN CONSIDERATIONS 
Substructure 


The substructure of the Dallas tank is designed to carry the load of the 
tank and water with a wind load of 100 mph. Stresses in the substructure 
are kept within limits recommended by ACI “Building Code Requirements 
for Reinforced Concrete.” Foundations are on rock. 


Tank floor 


The tank floor is designed as a plate continuous over several supports 
with their spacing decreasing from the center outward. Thus with a slab of 
constant depth, the decrease in bending moments as the outer edge is ap- 
proached, results in maximum economy in reinforcing steel. 


Prestressed concrete tank 


The tank wall is designed in the usual manner of a cylindrical shell with 
edge restraint. Until the middle of 1953 a sliding type base was used between 
the wall and footing. The sliding was facilitated and friction reduced by 
using a smooth, well lubricated surface. Unfortunately, variables of work- 
manship and static friction contributed to indeterminate and erratic results 

Several years ago work began on a solution to minimize base restraint in 
prestressed tank walls, and to develop a method that would give uniform 
results. This work culminated in the use of special rubber pads placed on 
the footing and then concreting the wall so that it was supported or floated 
on the pad (Fig. 2). The benefits are: 

(a) The known shear resistance of the rubber results in a uniform restraint condition 
around the tank wall. 


(b) The rubber begins to deform with the first application of horizontal prestressing 


and gradually increases with the pre- 
stressing, thus preventing the develop- 
ment of large bending moments in the 
wall. 

(c) Vertical stresses are reduced to 
approximately 30 percent of those 
which develop with a lubricated sliding 
base. 

(d) The thickness of the wall is less 
than with a lubricated sliding base and 
is usually determined by the circum- 
ferential prestressing rather than by 
the vertical moments, This reduced 
wall thickness results in smaller stresses 
due to temperature differential across 
the tank wall. 


Our present criteria for the desig: 
: a a of prestressed concrete tank walls us- 
Fig. 1—Completed structure ing a rubber pad are: 
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Losse Ss 
Shrinkage, plastic Fig. 2—Sketch detail of base joint with rubber 
flow, and creep. . . pads and rubber waterstop 
30,000 psi 
Allowance for residual compression 5000 psi 


Rubber pad 
Maximum compression 200 psi 
Maximum angle of deformation 15 deg 
Minimum total width 11% in. at base of wall; | in. under dome ring 
Minimum thickness 54 in 
Dome 
The spherical dome covering the tank is supported on the tank wall but 
separated from it by another rubber pad %% in. thick. This arrangement at 
the top of the wall serves the same purpose as the rubber pad at the base 
as it prevents the heavy prestressing of the dome ring from causing harmful 
moments at the top of the wall. Since the rubber pad separates the wall 
and dome, these two structural elements can deform independently due to 
various loadings, shrinkage, and plastic flow. 


CONSTRUCTION 
Substructure 

Hydraulically raised slip-forms erected the 83 ft high water tank substructure 
in 126 hr (Fig. 3). The lifting rate thus averaged 8 in. per hr during which 
time 11 cu yd of concrete and an average of 1000 lb of steel were placed. 
Considering this and the fact that the job was done in January in temperatures 
around 35 to 50 F the rate must be regarded as very good. 

Using power hydraulic lifting of slip-forms reduces labor cost almost 100 
percent when compared with manual jacking on a big job as only one man 
is needed for operating the oil pump giving the lifting impulses to all jacks 
at the same time. 
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Fig. 3—Aerial photo of 
slip-form operation 


The distinctive feature of slip-forms is that forms 3 to 4 ft high the shape 
of the structure are assembled on the ground and then jacked upward con 
tinuously until top of the structure is reached. Level with the upper edges 
of the forms a working platform is built from which all concreting and placing 
of steel is performed (Fig. 4). Slp-form lifting equipment includes stee! 
yokes, hydraulic jacks with oil pipes and connections, electric powered and 
hand pumps, and all necessary jack rods with studs. 

Lateral pressure in forms is taken up by vertical members of yoke legs 
spaced about 7 to 9 ft apart. The jack is placed between the horizontal 
cross members of the yoke and the lifting force of the jack is transmitted to 
the lower waler of the forms via consoles or ‘‘shoes’”’ on the yoke legs. 


The slip-forms carry the entire weight of forms, working platforms, and 
hanging scaffolds on vertical jack rods set in the concrete walls on which the 
jacks operate. For finishing and inspection purposes scaffolds are hung from 
the forms. 


Work organization, concrete quality, and weather conditions determine 
the lifting speed. Quite often the concrete is 4 hr old when emerging below 
the forms, at which time it is sufficiently set to carry its own weight. Normal 
portland cement is generally used. 

To use slip-forms economically the structure should be designed with the 
following in mind: 

(a) Walls should preferably have a constant thickness of not less than 6 in. when 
wood forms are to be used and 4 in. for steel forms. 


(b) The structure should be relatively free from complicated wall placings as well 
as offsets in the wall surface. 





a etl 


AR. i tied SBN Net rr 


Sap tesy see 


LARGE PRESTRESSED ELEVATED TANK 


Fig. 4—Close-up of yoke 
and form detail 


(c) As the position of the jack rods is permanent, windows, doors, and other open- 
ings should, if possible, be placed in line with each other. Structures over 50 ft high 
show the greatest savings in form cost and these savings, naturally, increase with 
the height. 

(d) To facilitate placing, reinforcement should be as simple as possible and length 
of bars ought not to exceed 20 ft. 

The hydraulic lifting jack alternatively grips the jack rod with upper and 
lower sets of teeth. Oijl, under pressure, forces a plunger down causing the 
lower teeth to grip the jack rod. As pressure increases the entire jack body 

with attached yoke and form—raises 1 in. After a completed lift the pump 
is shut off and the oil pressure released. The weight of the form now tends 
to pull down the jack but this is prevented by the upper teeth. At the same 
time the oil is pushed back to the pump tank to complete the cycle. 

In Dallas, 127 jacks on two pumps raised the forms approximately every 
7 min. The form level was checked from marks on the jack rods, made 
with a hacksaw every 2 ft as the form was raised. To correct occasional 
deviations in level the jacks were equalized by attaching a hand pump to 
the individual jack in question or by working with the motor pump and the 
stopcocks of the jacks. During an electric current interruption of 3 hr three 
hand pumps were used to continue the lifting. About every twelfth hour in 
the course of concreting, plumb bobs were checked but no divergences from 
the plumb line were discernible. 

Jack rods utilized in the system used are cold drawn I-in. steel bars, drilled 


and threaded on both ends to receive a *4-in. diameter stud. By a special 


method jack rods are recovered on completion of a job to be re-used on another. 
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5—Tank wall and 
dome construction 


Assembling a lifting unit (7.e., yoke, jack, and oil pipe) takes approximately 
114 man-hours; dismantling half the time. 
The average crew per shift was 41 men, divided as follows: 
mixing concrete j placing steel 
placing concrete placing jack rods 
finishing concrete : pump operator 
curing concrete general laborers 
checking level 
From the mixer, concrete was emptied into a l-cu yd bucket and lifted to 
hoppers on the working platform by a crane with a 120-ft boom and a 25-ft jib 
From the floor hoppers buggies moved concrete to the forms. Concrete was 
then worked into place and consolidated by puddling or spading. The crane 
also lifted steel to the working platform. 


Jacking commenced after 3 hr when 32 in. of concrete had been placed all 
around the forms. The first hours thereafter the forms were lifted only a 
couple of inches. Speed then increased and at the end of the first 12-hr shift 
the forms were raised with even intervals at a rate of 8 in. per hr. This rate 
was maintained with small deviations throughout the entire job. The exterior 
wall surface was finished from hanging scaffolds with wood floats. 


When the substructure had been placed to final height and the working 
platform reached the position where it was to serve as a form for the tank 
bottom slab, 5-in. bars 18 in. long, pointed on one end, were driven through 
the forms and the concrete walls just below the upper walers and spaced 2 ft 
apatt to take the entire load of slab and forms. 





LARGE PRESTRESSED ELEVATED TANK 


Fig. 6—Prestressing wall 
with self-propelled rig 


Thereafter the pumps, yokes, and oil pipes were dismantled, the jack rods 
recovered, and the platform cleared. 
Tank floor and walls 

The 2 ft thick tank floor was cast monolithically without construction or 
expansion joints. 

A center bulb type waterstop was cast into the floor slab so that it would 
pass into the bottom of the wall. Two rubber pads each 154 x 5 in. were 
placed on each side of the rubber stop and cemented to the floor slab. The 
space on each side of the rubber pads to the edge of the wall was blanked out 
with removable rubber strips of the same thickness as the pads. 


The 8 in. thick tank walls (Fig. 5) were constructed without horizontal 


joints in two half segments, concreting the entire 35-ft height in one operation. 


Form panels of steel and plywood, measuring 2 x 3 ft, were used to form the 
tank walls. The inside form was set up the entire height of the wall and braced 
to the dome falsework. The outer form was then built up 12 ft and concrete 
was placed to that height. Forms were added in 3-ft lifts as concreting con- 
tinued, until the entire half of the tank was completed. Each half required 
14 to 16 hr of continuous concrete placing. 

Vertical prestressing units were built into the wall of the tank as it was 
placed. These units, .placed at 4-ft intervals around the tank, consisted of 
Yin. Stressteel bars encased in metal sheaths and fitted with 514 x 4-in. bearing 
plates at the top and bottom. Before application of the circumferential wind- 
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ing, the units were stressed by jacking to provide vertical prestress which wou|:{ 
counteract the effects of vertical bending and temperature stresses. Aft. 
the stress was applied, the rods were pressure grouted. 


Dome 

The dome was completely formed at one time. With one concrete pump 
on the ground and a second on the tank floor operating in series, the 120 cu yd 
of concrete for the dome was placed in one day. 


Prestressing 

After the tank wall and dome had been concreted, the walls were prestressed 
(Fig. 6) within 10 days by winding with 1360 wraps of high-tensile wire drawn 
to a diameter of 0.141 in. from the original diameter of 0.162 in. This wire 
imparted an initial force of 153 kips per vertical ft at the base of the wall 
decreasing gradually to a force of 1.75 kips per ft at the top of the wall. The 
dome ring requires an initial prestressing force of 238 kips to withstand the 
dead and live loads of the dome. The 2,000,000-gal. tank required 23,300 |b 
of wire for circumferential prestressing. About an inch of pneumatic morta 
was applied over the exterior of the tank to bond the wire to the tank wall 
and to protect it from the weather. 

A wire-winding machine suspended down the side of the tank wall from a 
carriage which rode the outer edge of the dome applied the circumferential! 
prestressing at 140,000 psi. The carriage was anchored to the center of the 
dome by radial wires, and the entire mechanism was self-propelled. 

The 36-in. riser for the tank is of concrete pressure pipe. The access ladder 
is carried up inside the substructure on one of the interior walls and passes 
through the tank floor and thence through a concrete tower within the water 
tank and on to the roof. This eliminates any exterior appurtenances. 

A 12 ft wide x 10 ft 6 in. high steel rolling door in the exterior wall of the 
substructure and openings in the three interior walls provide about 7500 sq ft 
of covered storage space at no extra cost. On future installations, pumping 
stations and other normally isolated installations could be incorporated in the 
protected substructure area. 
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Title No. 52-41 


of Large Tendons in Pre-Tensioned Concrete’ 


By NIELS THORSENt 


SYNOPSIS 


The use of a few large tendons in pre-tensioned concrete construction, 
instead of many small ones, cuts field costs and simplifies design. This is 
especially true for heavy members. 

Physical properties of tendons are tabulated for average plant-produced 
steels based on stress-relieved and as-drawn material. Precautions and tests 
for evaluating tendons are discussed. 

It is shown that the bond in the end zones of a pre-tensioned member 
differs from the bond in the interior zones. Both types of bond can be de- 
termined by a curve indicating the maximum tension which can be absorbed 
in a tendon, without slip, at various distances from the” end of a member 
Methods of determining such curves or part thereof are explained. 

When using large tendons, secondary stresses in end zones of pre-tensioned 
members become important and may cause cracking if special care is not 
taken in the design. The use of a few general rules to prevent such cracks are 
indicated. 

A few examples of practical applications of large tendons are described 
Some future possibilities are discussed such as the use of bond breaking 
devices in end zones of pre-tensioned members and curved tendons 


INTRODUCTION 


The widespread use of large tendons in pre-tensioned concrete construction 
is relatively new, with the exception of 0.196-in. diameter smooth and de- 
formed wires, and it is only in recent years that extensive research in this 
particular field has been carried out. In this paper some results and con- 
clusions from tests are given and observations in the field on actual jobs are 
recorded. 


PHYSICAL PROPERTIES OF TENDONS 


Physical properties for several types and sizes of steel are indicated in 
Table 1. Considerable experience has already been gained with 0.196-in. 
diameter smooth wire and strands up to 34 in. At the present time, 0.276-in. 
diameter deformed wire and 7%-in. to 14-in. strand are being used on a limited 
scale. 


*Presented at the ACI Seventh Regional Meeting. Los Angeles, Calif., Oct. 28, 1954. Title No. 52-41 is a part 
of copyrighted JouRNAL oF THE AMERICAN Concrete INnstiTuTR, V. 27, No. 6, Feb. 1956, Proceedings V. 52 
Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than June 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich 
_tMember American Concrete Institute, Engineer, Monberg & Thorsen, Copenhagen, Denmark (formerly 
Chief Engineer, Freyssinet Co., Inc., New York, N. Y.) 
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TABLE 1—PHYSICAL PROPERTIES OF TENDONS 


Treatment Minimum Approx. yield Approx. 
Type of Size AD = as drawn tensile strength (0.2 | modulus of 
steel (diameter SR stress strength, percent offset),| elasticity, 
in. relieved psi psi psi 


Smooth 


wire 0.196 5s 250,000 225,000 x . 0302 


Deformed 
wire 27 s 235,000 210,000 2 4 060 


252,000 190,000 o3se 
252,000 215,000 — 
251,000 190,000 a we . 
251,000 215,000 0578 14,500 


7-wire 250,000 190,000 2 ; 

strand 250,000 215,000 0799 20,000 
242,000 180,000 a a 
242,000 205,000 0.112 27,000 


232,000 175,000 


232'000 197.000 0.151 35,000 


Treatment of steel 


Both as-drawn and stress-relieved steel can be used, providing appropriate 


precautions are taken. As-drawn smooth wire should be cleaned to elimi 
nate drawing lubricants, and it may also be necessary to use mechahical 
straightening. Most research has been carried out on stress-relieved strands 
and this type is therefore specified on most jobs. However, some static tests 
by the Freyssinet Co. on %@- and %-in. strands indicated that the bond 
properties under static loads for as-drawn strands are close to those for stress- 
relieved, even without cleaning. Although further testing is required before 
making final conclusions, there is every reason to believe that the cheaper 
as-drawn strand could be used in several applications. 

Stress-relieved strands seem to have a few advantages over the as-drawn: 

1. Some manufacturers claim that the strength of welds is greater. 

2. According to some authorities, as-drawn strand under certain circumstances 
shows a greater tendency to stress corrosion than stress-relieved strand; however, 
this is only of interest when the steel is to be stored under severe conditions for ex- 
tended periods before use (a practice which is not recommended). 

Stress relaxation (loss of stress under constant strain) 

For smooth wires—Tests on various smooth wires from major United States 
mills showed stress relaxations in 10 days of 5-8 percent of the initial prestress 
for stress levels equal to 70 percent of the actual ultimate tensile strength 
The relaxation of mechanically straightened wires might well attain 10 
percent or more. 

Appreciable differences between relaxation of stress-relieved and as-draw! 
wire have been found for stress levels above 65-70 percent of the actual 
ultimate, whereas the relaxations are not too different in the 55-65 percent 
interval, for the qualities now available from U. 8. mills. 

For strands and deformed wires—The relaxations for 7-wire strands and 
deformed wires are only slightly higher than for smooth wires. In a few 
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TABLE 2—DIFFERENCE IN DIAMETER BETWEEN CENTER WIRE AND 
EXTERIOR WIRES FOR 7-WIRE STRANDS* 
Strand size, in. \4 is 86 6 


Difference in diameter, in. 0.003 0.004 0.004 0.005 0 006 


*Length of lays 12-14 times diameter of wires 


eases manufacturers have stress relieved the individual wires before stranding. 
This raises stress relaxation considerably and this type of strand is therefore 
not considered desirable. Since the stress relaxation varies somewhat with 
the manufacturer, test data should always be required for the particular 
type used. 

Ten-day test data for stress relaxation are usually sufficient sinee the 
tendons are only subject to stress at constant length during curing, which 
time does not normally exceed 10 days and often lasts only 16-24 hr. During 
release the concrete will undergo an elastic contraction which results in a 
5-10 percent loss of steel stress. After transfer of prestress, subsequent 
stress relaxation loss is insignificant. 

Diameter of individual wires in strands 

It is recommended that the diameter of the central wire be slightly larger 
than the diameter of the six exterior wires to prevent slip of this wire which 
is not in direct contact with the concrete. Good results have been obtained 
by using the differences in diameter indicated in Table 2. 


BOND PROPERTIES 


In pre-tensioned concrete, the stress in the steel is maintained by bond 
only, and the bond properties of the steel are therefore important. It is not 
sufficient that the bond properties in the end zones build up the full pre- 
stress within a short distance from the ends. The bond properties in the rest 
of the member are equally important because this bond gives an indication 
of the steel’s ability to develop its ultimate strength for heavy concentrated 
loads close to the supports. The two bond properties for the various types 
of steel are best defined by curves as shown in Fig. | which demonstrate the 
variation of steel stress in a tendon with the distance from the end of a pre- 
tensioned member. 

Curve I indicates the residual steel stress (f,.) after all losses for an initial 
prestress f,;. Full prestress is obtained at a distance L, (transfer length) 
from the end of a member. L,, is the distance required to develop the 
ultimate strength of the steel. 

Curve II (broken line) indicates the maximum steel stress f, which can be 
obtained at various distances from the end by overloading a member without 


slip of the tendons and is based on bond in tension. Should a stress develop 
in the steel at a distance x < L,., which is above that indicated by curve 
Il, the tendon will slip and the member will collapse. 
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Fig. 1—Bond curve for stee! 
tendons 
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An example of this occurred in a recent test of an 8!4-in. slab spanning 
11 ft and designed for truck loading. Two slabs were designed, based on 
equal moment capacity, one of reinforced concrete and the other using %- 
in. pre-tensioned strands. Loads were applied at 4 ft 2 in. from the ends 
(3 ft 8 in. from center of supports). Test results indicated that due to slip- 
page of the tendons the ultimate capacity of the pre-tensioned slab was less 
than the ultimate capacity of the reinforced slab. Therefore, the reinforced 
concrete slab was selected. This indicates the importance of knowing the 
value of the distance DL, 1:. 
The slope of the curves indicates the bond stresses since 
u, oH y Ae 
dr a 

where U7, = bond stress at a distance x from end of member 
A, = steel area 
a = circumference of tendon 

At the time of transfer of prestress, the tendon swells due to Poisson's 
ratio for the steel and causes compressions on the interface between steel 
and concrete. This results in friction forces which enhance the bond capacity. 
Therefore, the maximum slope of curve I (bond under compression) is always 
greater than the maximum slope of curve II (bond under tension), at least 
in the case of smooth wire or strands. 

Table 3 indicates the values obtained for L,; and L,., from various tests 
carried out in the field or in the laboratory. When these two values are known 
approximate curves can be drawn. The test results indicated in Table } 
are obtained by one of the four methods outlined below: 

Method 1—SR-4 electric strain gages are attached to the sides of a pr 
tensioned concrete member in the casting bed, prior to release of tensio! 
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TABLE 3—BOND TESTS (FOR STATIC LOADS) 


Steel stresses Concrete stresses 
-- — Bond 
| At time | Cylinder | Strength |characteristics) Method 
Type and size After of strength at of Remarks 
" of steel Initial,| release,| flexure at flexure measur. 


fei, | test, release, test, ut ” ing* 


ksi ksit fee, ksift | feo, psit Se’, psi 


0.192-in. dia. 20 in. Spring 1952; test 
240 ksi ult. } 30 in. on job site; four 
stress-relieved 160 144 4500 6000 11 in. ) stringers tested 
ight rust 16.5in 


‘,-in, strand Fall 1952; joist, 
14,800 Ib ult. laboratory test; 
0.0562 sq in. area | 173 6000 ) one joist tested 
stress-relieved 

clean 

*-in. strand Winter 1953-54; 
14,900 Ib ult. test on job site; 14 
0.0578 sq in. 7: ‘ <i ‘ stringers tested 
stress-relieved 

rusty 

0.276-in. deformed Summer 1954; 
wire prism tested in 
235 ksi ult. 18 in. | 29 in laboratory 
stress-relieved 

clean 

‘s-in. strand Summer 1954; 
15,000 Ib ult. slab tested in 
0.0578 sq in. laboratory 
stress-relieved 

clean 


*Method of measuring: (1) SR-4 gages, (2) slip of tendons, (3) flexure test, (4) pull-out tests 
tle, fee, and feo are approximate computed values. 


The compressive strains in the concrete are registered during release and the 
correlation between concrete and steel stresses will be as follows: 
eXE.XA- =a XE.XA, 
. €e 2 
or _= E, x ky 
where e- = measured concrete strains 
k, = constant for a given member 
Since the steel stresses are thus proportional to the concrete strains, L, can 
be measured directly on the curve for ¢. registered by the SR-4 gages. 

Method 2—This method is based on measuring the slip, g, of the tendons 
during release of tension in the casting bed. The correlation between slip 
and transfer length can be explained by considering Fig. 2, which shows a 
graphic presentation of the results obtained by tests with SR-4 gages on a 
prism pre-tensioned by a 0.276-in. diameter deformed wire. The initial 
steel strain was 5.95 x 10°%, the concrete strain in the central zone was 
0.3 & 10°. Assuming a constant modulus of elasticity for steel and concrete, 
and disregarding the influence of creep and shrinkage 

Es 5.95 — 0.3 

R = 03 — ore, = 18.8 X «, 

The area between ¢; and ¢, will represent the contraction of the tendon, 
and the area between ¢, and the abscissa will represent the contraction of the 
concrete. The slip of the wire in relation to the concrete will therefore be 
represented by the shaded area between the curve shown by a broken line 
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f&ii Intal steel strain Fig. 2—Strains on concrete 

; and steel in prism pre- 

“Ex: Steel stain tensioned with 0.276-in. 
deformed wire 








measured during release 
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(e. + «,) and e;. This area is 38 < 10°* in. as measured on the graph. A dial 
indicator attached to the wire registered a slip of 33 x 10% in. The two 
measurements therefore correspond within 13 percent. 

Therefore, if the shape of the curve ¢, is known, L; can be determined by 
measuring the slip g. The correlation between L, and g can be established 
under two assumptions. 

(a) Friction bond 

e, is composed of two straight lines which means that the bond is constant 
over the length L,, and thereafter zero. This type of bond is usually called 
friction bond since the tendon slides in the concrete and the bond developed 
by friction forces. In considering Fig. 3 it may be seen that 

lL, =2xX i238 Xs. 

€ Sei 
(b) Elastie bond 

Assume the bond stresses proportional to the displacement of the wire in 
relation to the concrete, or 

ueXwXd=K Xg,- 

For this case Guyon* has shown 
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Fig. 3—Friction bond and elastic bond of pre-tensioned member 


*Guyon, Y., Prestressed Concrete, John Wiley & Sons, Inc., New York, 1953. 
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fer = f, Max (; — oD) 
where A = |E. xX Ay ae E, Xq : 
VN K fas | 
For « = 4A, f.z = 0.98 f, max and it is therefore reasonable to consider this 
length as transfer length or 


7 


E, 
b=4X—> Xg R (8) 


For the stress levels used (60-70 percent of ultimate) the bond appears to 
be a combination of friction bond and elastic bond and satisfactory results 
are obtained by using 
et. yee (9) 
Si 
In the example above for 0.276-in. diameter wire the following values are 
obtained 


L, = 18 in. (measured on curve for 98 percent of maximum strain 


L,=3—Xq =3*X ARs X 0.033 = 16.8 in 
Jai 165 X 10° 

L, can be determined by measuring the slip for wires only whereas the 
strands have a tendency to unravel slightly during release of stress which 
gives too much spread in the measurements. 

Method 3—This method is based on breaking beams by concentrated loads 
at various distances from the supports. By such tests, points on curve II 
(Fig. 1) can be established and this method can be used both for wires and 
strands. 

Method 4—Points on curve II (Fig. 1) can be established by simple pull-out 
tests, since the bond in this zone will be close to regular bond in tension. 
The actual bond is always higher, and curves established by such tests are 
therefore always on the conservative side. Results of pull-out tests on three 
different lengths of 0.276-in. diameter deformed wire are indicated in Table 4. 
Using 650 psi as bond stress, it is an approximation on the conservative side 
to assume 

a ae ae A,(f.'’ — f. max) 

xd X 650 

After all relaxations f, max can be estimated at 130 ksi. Therefore 

0.06 (235 — 130) 


Lua = 18 + ~ = = 
x X 0.276 X 0.650 


11 = 29 in. 


TABLE 4—BOND STRESS AT VARIOUS EMBEDMENTS 


Average bond stress, psi 
Initial prestress, ksi 
6-in. embedment 12-in. embedment 24-in. embedment 
600 630 645 


900 835 675 
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Fig. 4—Tensile stress under concen- 
trated load 











The results indicated in Table 3 are by no means conclusive since the 
number of tests was fairly small and testing conditions in several cases were 
too difficult to allow the installing of the most desirable instrumentation 
A great number of additional tests in accordance with methods | through 4 
should be carried out under laboratory conditions to determine more exactly 
the values of L, and L,, for the various types of steel now in use and for 
various concrete strengths. 


Bond properties do not depend on the type of steel alone, but also on the 
initial stress level in the steel and the quality of the concrete. The use of 
low strength concrete (3000 psi cylinder strength and less) gives a large 
scattering of bond values and it is therefore not recommended unless otherwise 
justified. Concrete of minimum 3500 psi cylinder strength gives relatively 
constant results for bond values. Therefore, generally speaking, the concret: 


should have not less than 3500 psi cylinder strength at release of tension (transfe) 
of prestress), even if the flexural stresses in a member do not require this strength. 
It is further recommended that a minimum of 4000 psi cylinder strength be used 
for Y-in. and %-in. strands. 


Therefore, all recommendations and tests referred to are based on a concrete 
of 3500 psi cylinder strength or mores Furthermore, all tests are based on an 
initial stress in the steel of 0.67-0.7 f,’. In most cases this initial stress pro- 


Friction | Elastic 
Bond 
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per unit length 
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Fig. 5—Tensile stresses due to load distribution for friction bond and elastic bond 
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vides a final stress in the steel of 0.50-0.55 f,’ which usually gives suitable 
safety against failure. 

In general, it is at present impossible to estimate accurately in advance 
the anchorage length. This uncertainty regarding the anchorage length 
cannot be tolerated in practice because the ends of beams often carry high 
shear stresses and, in addition, on short spans may carry high bending stresses. 
However, until such time when more exact values are available it appears 
reasonable to use L, = 3 ft for smooth 0.196-in. diameter wire, and L, = 
2 ft for 0.276-in. deformed wire and 7-wire strands up to 3-in. diameter. 
To the author’s knowledge not enough data are available to recommend 
values for Lin, however, for strands up to %%-in. diameter prudence would 
for the present suggest the use of 5 ft. 


SECONDARY STRESSES IN END ZONES 


Each tendon in a pre-tensioned concrete member will cause tensile stresses 
in the end zones. 
tendons and special attention shall therefore be given to these stresses when 
large tendons are used. These stresses are due to: 


These tensile stresses increase with the increasing size of 


Swelling of tendons during release 
Tensile stresses due to swelling of tendons cannot be determined 
theoretically, particularly for deformed wires and strands. By consider- 
ing the concrete around a tendon as a thick-walled cylinder, it can be 
seen that the tensile stresses in the immediate vicinity of a smooth 
tendon are of such magnitude that the concrete must work within its 
plastic range. These tensile stresses will be maximum at the very end 
of a member and decrease over the transmission length. 
Distribution of concentrated loads from individual tendons 
Tensile stresses due to distribution of concentrated forces can be 
determined with reasonable accuracy by presuming that tensile stresses 
created by a concentrated force applied on a section b & h (b < h) are 
in accordance with Fig. 4. 


crack ~ 








a 


“Crack 


crack 


Fig. 6—Typical crack caused by the 
use of too large a tendon in a narrow 
space. Cracks are initiated by tensile 
stresses due to swelling of tendons or 
due to poor concrete. Remedy—Use 
smaller size tendon or thicker legs 


Fig. 7—Typical initiated by 
distribution of a concentrated force 
(see Fig. 5). Cover over strand is 
adequate but the top concrete is not 
sufficiently vibrated. Remedy—Work 
concrete better in top section 
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TABLE 5—PROPOSED MINIMUM SPACING OF TENDONS 


0.196-in. diameter | 0.276 in. diameter 
Tendon wire or deformed wire or 3-in. ig-in. l4-in. 
14-in. strand fe-in. strand strand strand strand 


Minimum 
spacing, In. 


Minimum 
cover, in. 


Integration over the transmission length L, gives the tensile stresses indi- 
cated in Fig. 5 where ¢, equals a force transferred per unit length at the end 
of members. The tensile stresses are then found for a combination of friction 
bond and elastic bond. The magnitude of tensile stresses due to distribution 
of large forces from a group of tendons can be determined in a similar manner 
to the method used for post-tensioned members. 

In general, it becomes either impossible or too complicated to attempt to 
determine the tensile stresses as outlined above, and it is recommended 
instead that the following practical considerations be used in choosing the 
distribution of tendons in a member. (a) To keep tensile stresses due to 
individual strands low, it is suggested the minimum spacings indicated in 
Table 5 be used. (b) To keep tensile stresses from groups of tendons low, it 
is recommended the tendons be distributed in such a way that they give a 
triangular distribution of prestress in the end section. 

Proof of the terisile stresses mentioned above may be found in examining 
various completed structures, where cracks have occurred due to insufficient 
investigation of secondary stresses in end zones as explained in Fig. 6 and 7. 
Although the cracks indicated in Fig. 6 and 7 need not be detrimental to a 
structure, they should definitely be prevented, and the design, in an attempt 
to achieve apparent economy, should not call for the use of large tendons in 


thin sections or concentrate a large number of tendons in the very bottom of 
a beam. <A few typical applications of large tendons are shown in Fig. 8-10. 


a 
Topping poured Wire Mesh >) 
in place 





Prestressed 


Stringer 


Wires bent te produce 
~additional anchorage . 4 





0 30 srncoth wires .19% dia 

* Min ult, strength 74Q000 psi 
Total deck area 107,000 sq.ft 

' Number of standard stringers 3,380 


| a 


Fig. 8—Pier 57, New York. First large pre-tensioned job in this country. 
Greater part of deck is designed for a live load of 600 psf 





























LARGE TENDONS IN PRE-TENSIONED CONCRETE 





Prestressed 


Stringer 


29 -é stress relieved strands 
Min. ult. strenath 14,900 Ibs 
Total deck areca Z75)I,000 sq. ft 
Approx no of stringers 4,50C 


Pile Cap 


Fig. 9—Pier C, Hoboken, N. J. Pier deck designed for 600 psf live load 


FUTURE POSSIBILITIES 


It has long been known that it can be advantageous to cut down com- 
pressive stresses in the end zones of a pre-tensioned member by using bond 
breaking agents on some of the tendons. The use of curved tendons, where 
curvatures are obtained after stressing by anchoring the tendons to soffits, or 
pushing them down from the top of the forms, is also well known, but neither 
of these methods is practical when small tendons are used. With large 
tendons the problem becomes relatively simpler as it is easier to coat or 
curve a few large tendons. These techniques will undoubtedly receive more 
attention in the near future. 

In general, the careful use of several large tendons can be satisfactory. 
Furthermore, the present mill prices for high tensile steel in the United States 
favor large tendons over small ones. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourRNAL pages. 


7,” slab )-Freyssinet cable 
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Fig. 10—Garden State Parkway bridges. A number of bridges with different 

spans were built using the same cross section. Girders were precast and 

tensioned with %-in. strands. Roadway slab and diaphragms were cast in 
place 
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Effect of Age of Concrete on Bond Resistance 


By K. R. PEATTIE and J. A. POPE+ 


SYNOPSIS 


A series of tests was made of the effect of age on the factors controlling bond 
resistance in the adhesive and frictional stages. Test specimens of the pull- 
out type utilizing machined polished bars were employed together with some 
specimens in which the bond resistance was broken down by the application of 
a torque to the steel. 

It was found that bond resistance grows rapidly and at a much greater rate 
than the compressive strength of concrete. It is suggested that bond resistance 
is dependent only to a minor degree on the strength of the concrete. 


INTRODUCTION 


The results reported form part of an investigation into the fundamental 
aspects of bond resistance. Before considering the effects of the age of the 
conerete on different aspects of bond, it is desirable to refer briefly to the 
results of the theoretical analysis of bond action. 

The present analysis was confined in the first instance to the behavior 
of a typical pull-out specimen as shown in Fig. 1 since this type of specimen 
has been used by far the largest number of investigators into bond phenomena. 
It is considered that the bond between concrete and steel consists of three 
distinct stages. Firstly, the adhesive stage in which the two materials de- 
form together without relative movement. Secondly, the frictional stage in 
which there is relative movement between the two materials and resistance to 
this movement is frictional. Thirdly, the bearing stage in which rough- 
nesses or projections on the bar surface press against the concrete in contact 
with them once sufficient movement between the steel and concrete has de- 
veloped. The third stage only occurs if the steel has a fairly rough or delib- 
erately deformed surface. 


THEORETICAL ANALYSIS 


In the adhesive stage it is considered that as an increasing load is applied 
to a pull-out specimen, such as that shown in Fig. 1, the movement of a point 
on the surface of the bar at the entry to the concrete, such as A, is directly 
proportional to the applied load P,. Because of the phenomenon of bond, 


*Received by the Institute Apr. 28, 1955. Title No. 52-42 is a part of copyrighted JourRNAL or THE AMERICAN 
Concrete Instirutr, V. 27, No. 6, Feb. 1956, Proceedings V. 52. Separate prints are available at 50 cents each 
wssion (copies in triplicate) should reach the Institute not later than June 1, 1956. Address 18263 W. MeNichols 
Road, Detroit 19, Mich. 
_ tLecturer and Head, respectively, Department of Civil and Mechanical Engineering, University of Nottingham 
Nottingham, England. 
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sie si the loads in the bar at points inside 
the concrete are less than the applied 





load and decrease in value as the point 
considered is further away from the 
loaded end. 

It can be deduced from the above 
assumption of proportionality between 
the applied load and the movement 
of a point on the bar surface that in 
the adhesive stage the distribution of 
load in a pull-out specimen is expo- 
nential, 7.e., 

P= P. e kL (1 


| Notation 
q ; A ' ' = cross-sectional area of bar 
, frictional coefficients 


LOADED END 











bar diameter 
} Young’s modulus for steel 
T A = movement of point on surface of ba 
relative to mass of concrete 
R ; critical value of movement causing 


, rupture 
Fig. 1—Arrangements for pull-out test ; — polar second moment of area of section 








exponential coefficient 


= length of embedment » = applied load 

= distance along bar from rupture point, 
toward loaded end, in frictional section 

= modulus of rigidity for bar 

= load in bar at point distant L from 


= torque in bar at point distant’ L from 


loaded end 
torque in bar at point necessary to 
produce rupture at that point 


loaded end lied 
. . = ap | ore e 

load in bar at point necessary to pro- ApPaeG tony 

duce rupture at that point rotation of a bar relative to the concrete 

load in bar, additional to P,,, in frice- @. = the critical value of rotation causing 

tional stage rupture 


Further, it is considered that this proportionality will continue for in- 
creasing values of applied load until a critical strain develops in the concrete 
and rupture of the adhesion occurs at A. The distribution of load is then 
given by 

P = P,, e*t PE ey 5 bas va \ (2) 


Further increases in load will cause rupture in the bond at points inside the 
mass of the concrete. For given conditions of concrete and bar this rupture 
will occur at the same value of concrete strain and at the same value of load 
P,,, at the rupture point. This rupture point denotes the position of the change 
from the adhesive stage to the frictional stage. The distribution of load from 
the rupture point toward the free end remains exponential and is still governed 
by Eq. (2) except that L is now measured from the rupture point and not 
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rom the loaded end. The movement of a point such as A relative to the 
ass of the concrete is given by 
Fes 
~ aEk 
[his expression assumes an infinite length of embedment but it can be shown 
that e*” is very small compared with unity in practice and that Eq. (3) is 
satisfactory. The movement of A which has occurred by the time rupture 
takes place there is given by 
Ps 
aEk 
Once the adhesion has been ruptured there is relative movement between 
the steel and the concrete and the distribution of load in this section is gov- 
erned by the frictional forces between the materials. The distribution of 


h 


h. = (4 


load in the frictional stage is assumed to be given by 
P,4 = bdL, + cdL,?... (5 
and the distribution of load in both stages is shown in Fig. 2, the frictional 
section being represented by DB. A further increase in load will cause the 
load distribution curve to take a position such as that shown dotted in Fig. 2. 
The movement of the load distribution toward the free end will continue with 
increasing values of applied load until the bond capacity of the bar is reached 
and total failure results. The variation in frictional effects along the length 
of the bar represented by Eq. (5) is assumed because toward the loaded end 
of the bar the relative movement between the materials is greater and this 
must produce a greater polishing action on the touching surfaces of the ma- 
terials with a consequent reduction in frictional force. 
Satisfactory proof of the accuracy of the above theory would depend on 
demonstration of the validity of the following statements: 
a. The movement of point A in Fig. 1 is initially directly proportional to the value 
of the applied load. 
b. This linear relationship will always terminate at the same value of h, for a given 
bar and concrete. 
ce. Eq. (5) can be shown to represent the load distribution in the frictional stage 
Arising out of conditions (a) and (b) an additional type of specimen was 
designed. For a pull-out 
test the movement A is 
small and h, is about 10 X 
10° in. for the bars and 
concrete used. Since it is 
difficult to make accurate 
measurements of move- 
ments of this size a torsion 
test was designed and the 


nature of this is shown di- Lo C 


agrammatically in Fig. 3. Fig. 2—Load distribution—Frictional and adhesive 
A similar analysis to that stages 
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just described for the pull-out test can be produced for the torsion test and the 
corresponding equations are: 
In the adhesive stage- 
- = T etl 
and 
T = T.¢ 
at the instant of rupture. 
The rotation of the bar is given by 
X, 
~ Gk 
and 
Tn 
=r GJk 
Since concrete strain is assumed to be the criterion for rupture of the adhesion, 
the value of @. X d/2 should be constant in the torsion test corresponding 
to the constant value of h. in the pull-out test. 
In the frictional stage—An analysis of this stage for the torsion test has been 
carried out but since the pull-out test is more suitable for investigating this 
stage of bond action the torsion test will not be further discussed. 


(9) 


EXPERIMENTAL WORK 


All the bars used had machined and polished surfaces to assist in uniformity 
of results, which was felt to be essential for accurate theoretical analysis. 

The concrete mix used was 1:2.07:4.0 with a water-cement ratio of 0.45 
and a maximum aggregate size of 34 in. Production of concrete was rigidly 
controlled throughout the duration of the tests to help in maintaining uniform 

results. The average cube crushing 
strength was 6900 psi at 28 days (ap- 
{ t proximate cylinder strength = 5500 





a C psi). 


| J Torsion test 


| / The specimens were 6 in. square in 

A! PA NY cross section and the bars were em- 
A ° bedded in the center of this for a 

length of 3 in. A typical specimen 

ready for test is shown in Fig. 4. The 

torque being applied was measured in 
terms of the angular rotation, over a 
2-in. length, by the clamps and dial 
gage seen at the left of Fig. 4. Rota- 
tion of the bar relative to the mass of 
| i ' the concrete both at the loaded and 
free ends was measured by the two 

Fig. 3—Arrangement for torsion test ial gages seen at the right of Fig. 4. 
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Fig. 4—Torsion specimen with measuring equipment 


Specimens were held in a machine so that consistent hold-down condi- 
tions could be applied to each specimen and the bar was subjected to a con- 
tinuously increasing pure torque until failure occurred. During application 
of the torque, readings were taken of the rotation of the bar relative to the 
mass of the concrete. 

Tests were made on specimens containing 5¢-, 34, and l-in. diameter bars 


at ages of 1, 2, 3, 5, and 7 days. 
Pull-out tests 

The concrete of these specimens was 6 in. in diameter and 17!4¢ in. long and 
the bars used were 1 in. in diameter. A longitudinal slot was milled in the 
bar and 12 electric resistance strain gages of 14-in. gage length were mounted 
at 114-in. centers along the embedded length. The slot was closed by a 
rectangular section and the composite bar was then turned down and threads 
were cut in both ends of the bar to give a positive attachment for calibration 
and loading purposes. Two completed bars and one ready for the mounting 
of the gages are shown in Fig. 5. 

The bars were calibrated before use and the tests were carried out by apply- 
ing equal increments of load and recording the gage readings at each incre- 
ment. A dial gage was mounted on the specimen to measure the movement 
of the free end of the bar relative to the mass of the concrete but in practically 
all tests it was found that there was only the slightest perceptible movement 
of the bar before complete failure, at which instant the movement was so 
large and rapid that it was impossible to record it. Specimens were tested at 
ages of 1, 2, 3, 5, 7, 14, 21, and 28 days. 


Experimental results 


The results of these tests supported the analyses outlined earlier but only 
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Fig. 5—Typical pull-out bars 


those results which are concerned with the effect of the age of the concrete 
on bond phenomena will be discussed here. 

The torsion tests—A specimen set of curves of torque against twist for three 1- 
in. diameter specimens at the age of 7 days is shown in Fig. 6 to illustrat 
that in the early stages of the test this relationship is linear. Similar curves 
were drawn for all specimens tested and values of 6@,, the twists at rupture of 
the adhesion at the loaded end, obtained. It was found that for a given age 
of concrete 6, X d/2 was constant for the three bar diameters tested. 

The variation of this quantity with the age of the concrete is shown i: 
Fig. 7. It was found that there was no definite trend in variations in the 
value of 7’, the torque which produced rupture at the loaded end, with the 
age of the concrete and that this quantity was relatively constant at all ages 
tested for a given diameter of bar. 

Pull-out tests—It has been shown in the analysis that the position of the 
rupture point, the boundary between the adhesive and frictional stages of 
bond, moves progressively further away from the loaded end of the bar as 
the applied load is increased. It can also be shown that once the rupture 
point has passed a strain gage point, the readings of that gage will be di- 
rectly proportional to the value of the applied load. Consequently the read- 
ings of the strain gages can be used to determine the position of the rupture 
point, and also to determine the value of Pn. 

The values of P,,, did not show any discernible trend with age. The rupture 
point was found to move in proportion to the value of the applied load until 
a large amount of the bond capacity of the specimen had been used. hie 
rate of movement of the rupture point with respect to age is shown in Fig. § 

The value of the critical movement, h., was not measured directly but 1 
was calculated from Eq. (4) and its variation with respect to age is show! 
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Fig. 6—Torque-twist relationships 
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Fig. 8—Rate of movement of rupture point with age 
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Fig. 9. There is a fair degree of scatter in these results which is to be ex- 
pected in view of the indirect method by which they were obtained but it is 
seen that the critical value of the movement tends to a value of about 11 & 10° 
in. for the bar surface and concrete used. 

In the frictional stage of bond it was found that Eq. (5) satisfactorily repre- 
sented the conditions. The frictional coefficients b and ¢ could be obtained 
from an experimentally determined load diagram in the early stages of the 
test and subsequent load diagrams could be predicted from Eq. (5). A 
typical set of load distribution curves obtained in this manner is shown in 
Fig. 10 and the points represent experimentally measured values of load. 
Variation of the frictional coefficients b and c with age is shown in Fig. 11. 

In many investigations the results have been presented in the form of an 
“average” bond stress, that is, the total load at failure is divided by the con- 
tact area between the steel and the concrete. Actually the distribution of 
bond stress is not uniform but such “‘average”’ bond stresses were calculated 
from the results for comparative purposes and their variation with age is 
shown in Fig. 12. The variation of the crushing strength of 6-in. cubes of 
the concrete used in the investigation is given in Fig. 13. 


DISCUSSION OF RESULTS 

The adhesive stage 

The torsion test results showed that the value of @. X d/2 was a constant 
for a given age of concrete. It may be assumed that the corresponding quan- 
tity h, in the pull-out tests, is also a constant for a given age. The variation 
of both these quantities with age is given in Fig. 7 and Fig. 9 and it is seen 
that they both decrease initially rapidly and then at a more gradual rate 
tending toward a constant value in the case of the torsion test of 6 & 10°° in. 
and of 11 X 10° in. for the pull-out test. This decrease in values of the 
critical movements is most , : 
probably caused by the in- 
crease in the values of the 
modulus of the concrete 
with age, since the value 
of this particular move- 
ment is largely dependent 
on the elastic properties of 
the concrete. 


The frictional stage 


The variation of the frie- 
tional coefficients b and c 
with the age of the con- 2 an eae 
crete is given in Fig. 11. GAUGE POSITIONS 
here is a fair scatter in Fig. 10—Computed load distribution curves with 
the values of ¢ but this is experimental points 
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Fig. 11—Variation in frictional coefficients with age 


probably caused by its small magnitude compared with that of b. Any small 


errors in the values of b will produce large effects on the values of ¢ when 
these are being calculated. An approximate series of values of b which were 
obtained from the torsion test results showed a similar trend with age although 
the rise in value was not so rapid as that shown in Fig.11 and the maximum 
value appeared to be attained at about 5 days. 

The rate of the movement of the rupture point under increasing load with 
respect to age is shown in Fig. 8. This rapidly reaches its steady value of 
about 3.5 in. per ton after about 3 days. 

The “average” bond stress 

It can be shown from the analysis that the value of the average bond stress 
is predominantly determined by the value of the frictional coefficient } 
and hence its variation with age will be similar to that of b. This is seen to be 
the case when Fig. 12 is compared with Fig. 11. 

General considerations of the effect of age on bond phenomena 

The most striking fact about the investigation into the effect of age on bond 
is the extreme rapidity with which the various factors attain their steady 
values. The steady value of the critical movement recorded in the torsio! 
tests would appear to be attained at an age of about 14 days. There is no 
comparable direct measurement of the critical movement in the pull-out 
test but calculated h, reaches its steady state by about 8 or 9 days. 

In the frictional stage, the coefficient b for the pull-out test reaches a steal) 


J 


value by 3 or 4 days. A similar trend is observed in the value of the co- 
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Fig. 12—Variation in “average” bond stress with age 


efficient c, although after an age of 3 days there is a slight drop in the values 
which show a fairly large scatter. The approximate values of b obtained from 
the torsion test results show a similar variation with age although it is notice- 
able that the rise in value is not so rapid as that in the pull-out test and the 
steady value is attained at an age of about 5 or 6 days. 

The ultimate bond resistance, expressed as an ‘‘average’’ bond stress is 
dependent predominantly on the frictional effect. The curve in Fig. 13 
showing the increase in crushing strength of the concrete with age rises more 
slowly than that of the ‘‘average”’ bond stress and is still rising appreciably at 
28 days. Bond is controlled by some factor which attains its final state in a 
relatively short time. The crushing strength of the concrete increases rela- 
tively slowly so that bond is not directly dependent on the rate of increase of 
strength of concrete in cube form. 

Bond between concrete and steel is mainly a result of the shrinkage of the 
concrete on to the steel and it can be expected to have the same time relation- 
ship as shrinkage. Measurements of the changes of the over-all lengths of 
concrete specimens indicate that although shrinkage is, in its initial state, rapid, 
it does continue appreciably up to ages of 28 or 56 days. However, the bond 


effects will depend mainly on the shrinkage of the concrete closely adjacent 
to the steel. The hardening of concrete is an exothermic reaction and con- 
sequently the concrete at the center of the specimen will reach a higher tem- 
perature than that at the outside. This higher temperature would result in 
more rapid hardening and contraction effects in that section of the concrete 
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Fig. 13—Variation in crush- 
ing strength of concrete 
with age 
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which has the greatest effect on bond and would account for the rapid develop- 
ment of bond. 

It has been noted that the pull-out specimens attained their bond strengths 
more rapidly than the torsion specimens, which is to be expected in the light 
of the above discussion since the mass of concrete and length of embedment 
is greater in the pull-out tests. 


CONCLUSIONS 


1. It has been shown that the factors which determine bond resistance, 
both in the adhesive and frictional stages, attain their steady values rapidly. 
Growth of these factors is more rapid in the frictional than the adhesive stages 

Growth of bond resistance is much more rapid than that of concrete 

strength and it seems doubtful if it is desirable to quote allowable bond stresses 
in terms of the compressive strength of the concrete. 
3. It is suggested that bond resistance is primarily caused by shrinkage 
of the conerete closely adjacent to the steel. Because of the exothermic 
effect in the hardening of concrete and the thermal insulation provided by 
this material the development of bond resistance will be relatively rapid. 

4. In a reinforced concrete section it must be assumed that some frictional 
bond will be developed, if nearly full bond resistance of a bar is to be attained 
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Properties of Portland Cement Pastes Cured at 
Elevated Temperatures and Pressures 


By N. C. LUDWIGT and S. A. PENCEt 


SYNOPSIS 


The effects of curing at elevated temperatures and pressures upon several 
physical properties of hardened neat cement pastes are given. Two cements 
were studied and data are given for heat of hydration, nonevaporable water 
content, surface available to water vapor, permeability to water, and com- 
pressive strength of pastes cured at 80 to 400 F, at pressures from atmospheric 
to 7500 psi, and at ages from 12 hr to 7 days. 


Results show that changes in compressive strength of hardened cement 
paste follow the changes in internal surface area. A decrease in strength 
occurs at high curing temperatures which may be explained by an increase 


in the particle size of the hydration products. 


The nonevaporable water content decreased slightly at temperatures in 
excess of 220 F. This is in agreement with recent composition studies report- 
ing hydration products having lower water content at high temperatures 

The change in the amount of water required to form a complete uni- 
molecular layer over the surface of cement particles (V,,) was found to be 
proportional to the change of curing temperature between 220 and 320 F 
This suggests that the cement particles increase in size at a rate which is 
nearly directly proportional to the increase in curing temperature in the range 
where rapid strength retrogression occurs. 


Heat of hydration tests show that hydration is nearly complete in pastes 
cured 7 days at 320 and 400 F, and it is indicated that the total heat of 
reaction of a neat cement paste cured at high temperatures (steam-curing 
range) may be less than that of the same cement cured at atmospheric 
temperatures. 


The water permeability of hardened cement pastes was found to be quite 
low at curing temperatures up to about 160 F. Above this temperature, 
permeability increased rapidly as strength and internal surface decreased 


Curing pressures up to 1000 psi at a temperature of 200 F cause slight 
increases in heat of hydration, internal surface, and strength at early ages 
Pressure in excess of 1000 psi at any age had no great effect. It appears, 
therefore, that pressures up to 1000 psi increase the early rate of reaction 
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INTRODUCTION 


Portland cement pastes are cured at elevated temperatures and pressures 
in the manufacture of certain cement products and in the cementing of deep 
wells. The investigation reported in this paper was undertaken to determine 
the effects of curing at elevated temperatures and pressures upon several of 
the physical properties of hardened neat cement pastes for the purpose of 
providing fundamental information on the behavior of cement pastes in these 
uses. The properties studied were compressive strength, heat of hydration. 
permeability to water, internal surface area, and nonevaporable water content. 


MATERIALS 


Two cements were used in this study. Cement A met ASTM specifications! C 150-53 for 
a Type I cement. Cement B met ASTM specifications for a Type II cement, except that it 
contained 52 percent C38 and an organic additive to delay the rate of thickening of the pastes 
at elevated temperatures and had a specific surface of 1295 sq cm per g. The oxide analyses, 
calculated compound compositions, and specific surfaces of these cements are given in Table | 


EXPERIMENTAL METHODS 


Strength tests were made on 2-in. cubes cured at various temperatures and pressures in 
the curing vessel shown in Fig. 1. The molds were filled with cement paste and placed in 
water in the specimen container which was then placed in the curing vessel. The pressure 
medium in the curing vessel was petroleum oil which transmits pressure to the water and thus 
to the cement paste through a neoprene closure gasket on top of the specimen container 
Heating was done by an external circular heating element, designed to maintain a constant 
temperature from bottom to top in the interior of the cell. 

Specimens for the nonevaporable water content, internal surface area, and heat of hy- 
dration determinations were cured in a smaller pressure vessel (Fig. 2). The cement pastes 
were contained in Pyrex glass tubes and were immersed in water in the specimen container 
A rubber stopper carrying a capillary tube was inserted in the top of the glass tube to permit 
the pressure to be transmitted to the water and thus to the cement paste. The specimet 
container and a cured sample are shown in Fig. 3 (A and B). In this container, the pressurs 
also acts through a neoprene closure gasket located on the top. 

The test for nonevaporable water was made on hydrated pastes pulverized and sieved to 
pass a 28-mesh sieve and be retained on a 100-mesh sieve, in a CQO.-free atmosphere. The 
sample was dried over the system Mg(ClO,)2-2H2O—-Mg(Cl0,)2-4H,O in vacuum until the 
weight did not change more than 1 mg per g of sample per day. After drying, the loss on 
ignition was determined by igniting at 1000 C for 20-30 min. This loss on ignition, corrected 


TABLE 1—CHEMICAL ANALYSES AND SPECIFIC SURFACES OF CEMENTS 
Cement SiOe Als Fe2Os CaO MgO SOs Loss on ignition 


20.9 
21.6 


Calculated compound composition, percent by weight Specific surface, * 


——-—-- sq cm per g 
CaSO. 


C8 CaA | C4AF 
3. 1795 
6.6 12.4 3 1295 


99 


22.3 10.9 8.5 i 
5 é 


*Determined in the Wagner turbidimeter, ASTM C 115-53. 
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r the loss on ignition of the original cement, 
; defined as nonevaporable water (W,,) and 
computed by the following equations: 
W. 
W,(1 — L) 
W, W.,(i -— L) 
C _ 


where 


W 


W g of nonevaporable water per g 
of dried paste 
g of nonevaporable water per g 
of cement 
weight of dried sample in g 
weight of ignited sample in g 
loss on ignition of the original 
cement in g per g 


In a recent study, Copeland and Bragg 
found that the water vapor pressure at 23 C 
of the system Mg(ClO,4).-2H,O-Mg(ClO,) 
-4H,O is 8.4 X 10-% mm of mercury. 
The surface area available to water vapor 
was determined at 25 C by exposing por- 
tions of the previously dried granulated sam- 
ples of hardened paste to atmospheres of 
different. water vapor pressures. This was 
done by placing these samples over saturated 
solutions in evacuated dessicators until Fig. 1—Large pressure curing cell 
equilibrium was obtained. The point of 
equilibrium was taken when the weight of the exposed samples did not change more than 1 
mg per g of dried sample per day. 


The following chemicals were used in the dessicators to obtain different humidities: 


Formula Partial pressure p/p, at 25 C 


NaOH -H,O 0.0703 
LiCl-H.O 01105 
KC,H;O,-116H2O 0.2245 
MgCl. -6H:O 0.3300 
K.CO;-2H:O 0.4276 


The apparatus used for obtaining the nonevaporable water content and internal surface 
area of the cured pastes is shown in Fig. 4. 


According to the BET theory,‘ the total amount of water vapor adsorbed at partial pressures 
(p/Ps) up to about 0.35 is related to the amount of water vapor required to form a mono- 
molecular layer on the solid by the following equation: 


W C(p/ Ds) 


Vm (1 — p/p.) (1 — p/p. + Cp/p.) 


where 


W = quantity of vapor asdorbed at pressure p/p, 


Vn = quantity of adsorbate required for a complete condensed layer on the solid, the 
layer being one molecule deep 
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Fig. 2—Small pressure curing cel! 


p = existing vapor pressure 


p. = pressure of saturated vapor 


C = aconstant related to the heat of adsorption 
The BET Ea. (3) may be written in the form: 


oie) ae 


where X = p/p, and W = g of adsorbate per g of adsorbent. 

This is an equation for a straight line in which (C — 1)/V,,C is the slope and 1/V,,C is the 
intercept on the Y axis. By plotting the adsorption data in terms of (1/W)(X/1 — X) versus 
X, the values for C and V,, may be obtained. 

Since V,, is the amount of water vapor required to form one layer of molecules on the surfac¢ 
of the adsorbent, V,, is assumed to be proportional to the surface area, S. The equation 


relating these quantities is: 


Va 
o =a — 
( M ) 


where 
S = surface area of adsorbent, sq cM per g 
a; surface area covered by one molecule 
N = 6.06 X 10° = number of molecules in a g — molecular weight 
Avogadro's number) 
VU molecular weight of the adsorbate 


Fig. 3—{A) Specimen container for 

small pressure curing cell. (B) Sample 

for adsorption surface, nonevaporable 

water, and heat of hydration tests. 

(C) Mold for permeability tests. (D 

Sample of permeability tests removec 
from mold 
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Fig. 4—Temperature cabi- 
net and auxiliary equip- 
ment for adsorption surface 
area and nonevaporable 
water content tests 


The value of a;, as determined by Livingston® for water is 10.6 x 
Substituting this value in Eq. (5) 

S = 35.7 X 10° V,,.. (6) 

The heat of hydration was determined by ASTM C 186-49.! For these tests, the hydrated 
cement pastes were pulverized to a fineness passing a 28-mesh sieve. 

Tests for permeability of hardened pastes to the flow of water were made according to a 
method described by Morgan and Dumbauld,*® using a permeameter (Fig. 5). 
were placed and cured in small tapered, cylindrical brass molds. 

The specimen mold and test specimen, shown in Fig 3 (C and D), are placed into the per- 
meameter cell with the largest diameter toward the bottom (or pressure side) of the cell. 


10-° sq em per molecule 


Test specimens 


The flow of water is measured by a graduated glass capillary tube fitted into the top cap of 
the permeameter. 

Permeability is computed by Darcy’s 
law? 8 


uQL 


Al on p2) 


where 
k permeability in darcy’s 
u viscosity of water in centipoises 
@ = flow through specimen in ml per sec 
length of flow in cm 
effective cross-sectional area of spe- 
cimen in sq cm 
— Pp, = pressure drop across specimen 
in atmospheres 


RESULTS OF TESTS 


Data for pastes cured for 7 days at 
a number of temperatures in the range 
of 80 to 400F are plotted in Fig. 6. 
A pressure of 300 psi* was used in all 
tests when the temperature was 200 F 
or greater, except the strength tests 
in which a pressure of 1000 psi* was 
used. From Fig. 6 it may be seen 
that: 


See footnote on page 678. Fig. 5—Permeameter 
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1. Compressive strengths for both cements increased with increasiny 
temperature to a maximum at about 180 F and then decreased rapidly unti! 
a temperature of about 260 F was reached, after which they remained near|\ 
constant. 


2. Heats of hydration for both cements increased slightly with increasing 


temperature, except that they became constant at 320 F for cement B. 

3. Internal surface area increased rapidly with increasing temperatur 
to a maximum at 100 F for cement A and at 150 F for cement B and then 
decreased rapidly to nearly constant values at 280 F. 

4. Nonevaporable water content increased slowly with increasing temper- 
ature to a maximum at 150 F for cement A and at 220 F for cement B and 
then decreased slowly. 

5. Permeability to water for both cements started to increase at 160 F 
and increased rapidly until a temperature of 320 F was reached 


and then 
remained fairly constant. 


Table 2 gives data for pastes cured at 80, 140, 200, 260, and 320 F. Heat of 
hydration specimens were cured 12 or 14 hr, 1, 3, and 7 days. Strength 
specimens were cured 1, 3, and 7 days. Specimens for internal surface area 
and nonevaporable water content were cured 1, 3, and 7 days at 200, 260, 
and 320 F and for 7 days at 80 and 150 F. The data are plotted in Fig. 7 and 
8. From these, it may be seen that: 

1. Compressive strengths of both cements at ages of 3 and 7 days decreased 
as the temperature increased above 200 F. 


CEMENT A-w/c*0.46 CEMENT B8-w/c20.40 


Ww, -~mg./g coment 


COMP. STG.-psix!o-* 
HEAT OF HYORATION-cal./g. 





PERMEABILITY — md (log scale) 














CURING TEMPERATURE-°F 


Fig. 6—Physical properties versus curing temperature for pastes cured 7 days 
S = internal surface area CS = compressive strength 
W,, = nonevaporable water HH = heat of hydration 


K = water permeability 


Specimens for all tests, except those for strength tests and those in which pressure was the variable, wer 
onsale 300 psi when the temperature was 200 F ‘or greater because this pressure was sufficient to prevent boilir 
of the water at the temperatures used in this study. The specimens for strength tests were cured at 1000 ps 
because, at the time of this study, the API Testing Code recommended that such specimens be cured at pressi 
of 1000 to 2000 psi. 
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TABLE 2—EFFECT OF CURING TIME ON PHYSICAL PROPERTIES OF 
HARDENED NEAT CEMENT PASTES* 


S 
adsorption surface, 
sq em perg X 10+ 


Curing time, 
days 


uu 
nonevaporable water 
mg per g cement 


Cement A—W /C by weight 


2.6 at 150 F 


80 F curing 


162 at 150 F 


200 F curing 


13 
143 
152 


260 F curing 


136 
137 
139 


320 F curing 


125 
129 
139 


Compressive 
strength, 


Heat of hydration, 
cal per g 


0.46 


Cement B—W /C by weight = 0.40 


9 at 150 I 


16.4 

6.8 

13.6 
*Specimens were cured at a pressure 
cured at 1000 psi at all temperatures. 


80 I 


curing 


140 F curing 


135 at 150 } 


200 F curing 


5 
8 


D 
$ 
5] 


260 F curing 


of 300 ps! at 200 F or above 


5598 
6075 
6623 


2533 
2381 
2618 


except the strength specimens, which were 
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Fig. 7—Physical properties versus curing time at several temperatures 


S = adsorption surface CS = compressive strength 


2. Compressive strengths at 200 F increased fairly rapidly with increasing 


curing time up to 3 days and then increased slowly up to 7 days. 


3. Compressive strengths at 260 F decreased with increasing curing time 
for cement A and increased dichtly for cement B. 


4. Strengths at 320 F remained fairly constant for both cements as the 
curing time was increased. 








CEMENT A -w/c=0.46 CEMENT B -w/c=0.40 


Wr 


W,~™g./g. cement 
HEAT OF HYDRATION-— cal./g. 


7 \ 
CURING TIME - Days 


at temp. indicated in°F 


2A GEESE IE 


Fig. 8—Physical properties versus curing time at several temperatures 
W,, = nonevaporable water HH = heat of hydration 
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5. Internal surface area at 200, 260, and 320 F, in general, followed the 
hanges in the compressive strengths of the two cements. 


6. Nonevaporable water content increased slightly with increasing curing 
time for both cements at 200, 260, and 320 F. 


7. Heats of hydration for both cements increased with increasing curing 
time up to 3 days at 80, 140, 200, 260, and 320 F and, then, increased only 
slightly between 3 and 7 days, except for 80 F, at which temperatures there 
was an appreciable increase during this period. At any given age, the heat 
of hydration increased as the temperature of curing increased. 


Table 3 gives data for pastes cured at 200 F at several different pressures 
from atmospheric to 7500 psi. The data are plotted in Fig. 9, from which it 
may be seen that: 

1. With cement A, increasing the pressure up to 300 psi appreciably in- 
creased the compressive strength, heat of hydration, and nonevaporable 
water content, but pressures above 300 psi did not cause further increases. 
The surface area increased at both 300 and 1000 psi but pressures above 1000 
psi did not cause any further increase. 


2. With cement B, the compressive strength showed increases at both 
300 and 1000 psi, along with increases in the internal surface area, non- 
evaporable water content, and heat of hydration. Above 1000 psi, with 
increasing pressure, there was no further increase in the compressive strength 
but there were slight increases in the internal surface area, nonevaporable 
water content, and heat of hydration. 


TABLE 3—EFFECT OF CURING PRESSURE ON PHYSICAL PROPERTIES OF 
HARDENED CEMENT PASTES CURED AT 200 F 


s— W, Heat of 
Curing adsorption surface, | nonevaporable water, Compressive hydration 
pressure, mg per g cement strength, eal per g 

psi ——, -- psi - 
1 day } 7 days 1 day 1 day 7 days 


C by weight 


Om PROON 


Cement B—W 
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CEMENT A -w/c-70.46 CEMENT B -w/c:0.40 


= ee ae 


* a 








=-2 




















Ww, mg /g. cement 


COMP. STG.-psix iO 
HEAT OF HYDRATION-— cal./g. 



































5 7 \ 3 
CURING PRESSURE - psi x 10> 


Fig. 9—Physical properties versus curing pressure 


nonevaporable water S$ = adsorption surface 
heat of hydration CS = compressive strength 


DISCUSSION OF RESULTS 


If one starts with a given volume of a mixture of cement and water which 
is free of air, that volume can be visualized to consist of space filled with 
solids and space filled with water. 


One of the reactions occurring in this paste is represented by the equation 
3CaO-ALO; + 3CaSO4-2H.0 + 25H,O = 3Ca0-Al,0;-3CaSO,-31H,0 


Solid Solid Liquid Solid 


In this reaction, two of the solids of the original cement react with wate: 
to form a new solid phase. This new solid occupies more space than that 
occupied by the original two solids but less space than that occupied by the 
two solids and the water that reacted with them. Hence, this reaction in- 
creases the space occupied by solids, decreases the space occupied by water, 
and tends to create void space. This is true for all of the reactions which 
occur between cement minerals and water. While the paste is mobile, such 
reactions decrease the over-all volume of the paste but, after the paste has 
become rigid, they produce void space within that structure. 


After hardening has proceeded, either to a partial or complete reactio: 
of the cement with water, the original volume of the paste will have shrunk 
to some extent and the new volume may be visualized as a volume occupied 
by solids and by water but which is incompletely filled with water. 

These solids, which consist mainly of particles too small to permit thei 
structure to be determined by present methods of determining crystal struc 
ture, are generally referred to as cement gel—the so-called cementing materia! 
Intermingled with this cement gel are fairly large amounts of crystallin: 
reaction products, together with unreacted cement. 
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Powers and Brownyard® have classified the void space as consisting of two 
lasses of pores: (1) gel pores—small pores between the gel particles; and 
2) capillary pores—much larger pores than gel pores, existing between 
ates of gel particles. They have classified the water in this product 


goregé 
is: (1) water of constitution, chemically combined water; (2) capillary water, 
vater existing in the gel pores and capillary pores; and (3) water bound by 
surface forces, adsorbed water. 

Water of the first class is the water in compounds such as Ca(OH). and 
3CaO-AlsO3-3CaSO4-31H.O. At present, there appears to be no way of 
differentiating accurately between the chemically and physically bound 
water in hardened cement pastes. However, differentiation in terms of 


evaporable and nonevaporable water as used by Powers and Brownyard® 
and Copeland and Hayes'® has practical value in explaining hydration processes 


under different conditions of curing. 


Internal surface area and strength 

The results obtained in this study show that changes in compressive strength 
of the hardened cement paste, in general, followed the changes in the internal 
surface area. The decrease in strength at curing temperatures of 200 to 
320 F may be explained by an increase in the size of the particles of the re- 
action products at these high temperatures. This increase in the size of the 
reaction products has been reported by Bernal, Jeffery, and Taylor! and 
other investigators. '? 

It was found that, at 200 to 320 F, the internal surface area and strength 
changed little with increases in curing time from | to 7 days. This indicates 
that, at these temperatures, the hydration reaction is nearly completed in 
1 day. 


Nonevaporable water 

This is the water that is normally considered as chemically combined. 
Recent x-ray studies indicate that the hydrated calcium silicates in the 
cement gel are extremely fine crystals with a layer structure. Such crystals 
are capable of holding water, either between the layers or in interstices in 
their structure. Bernal, Jeffery, and Taylor"! suggest that the volume changes 
of cement products caused by drying and wetting may be caused largely by 
loss and gain of water by these crystals. The extent to which these and 
other crystals in the cement gel lose water over magnesium perchlorate is 
not too clearly defined but it is believed that some of the water held between 
the layers in the calcium silicate crystals is removed by this treatment. 

It may be seen from Fig. 6 that the nonevaporable water content decreased 
slightly when the curing temperatures were increased to about 200 F and 


higher. This decrease is in line with composition changes at high temperature 
reported by Taylor and Bessey,'* Kalousek,'* and Heller and Taylor,"® as 
shown in Table 4. 


It may be seen from Table 2 that the nonevaporable water content increased 
only slightly with curing times between 1 and 7 days at temperatures of 
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TABLE 4—HYDRATION PRODUCTS FORMED AT VARIOUS TEMPERATURES 


Atmospheric temperature 200 to 400 F 


1.5CaO -SiO-,- 1.0-2.5H.O0 2CaQO -SiO,- 1.0-1.25H.O 
3CaO - Al,O;-3CaSO,-31H.2O 3CaO-Al,O;-6H2O + 3CaSO, 


260 and 320 F. This indicates that the reaction between the cement and 
water is largely completed in 1 day at these temperatures. 


The ratio VW, 

Powers and Brownyard® in tests made on neat cement pastes cured at 
73-77 F have shown that the ratio of the amount of water required to form 
a complete monolayer over the surface of the cement particles (V,,) divided 
by the nonevaporable water content of the hardened paste (W,,) is essentially 
a constant, independent of the age of the paste but dependent on the compo- 
sition of the cement. The proportionality of V,, to W, in pastes cured at 
atmospheric temperatures implies that the internal surface area increases at 
the same rate as that at which the chemically bound water increases. On 
this basis, it appears that the cement gel particles do not grow in size as 
hydration proceeds but that new particles, similar in size and water content 
to those first formed, are produced. 

They found this ratio to vary in the range of about 0.2 to 0.3 for pastes cured 
at normal temperatures and they report a ratio of 0.012 for a specimen, 
steam-cured at 420 F made from 100 parts cement and 71 parts pulverized silica 

From the data shown in Fig. 6, values of V,,/W, were caleulated (Table 5). 

Plots of these data on regular coordinate paper show-that between 220 
and 320 F, where the rapid retrogression of strength occurs, the V,,/W, 
ratio is related to the curing temperature by a straight line. 


Since W, does not change greatly, changes in V,, are nearly proportional 
to the changes in curing temperature over this range of temperatures. This 
suggests that the increase in size of the cement crystals is nearly directly 
proportional to the increase in curing temperatures in the range where rapid 
retrogression of strength occurs. The relationship between surface area and 
the diameter of equal size spheres which would give the same total volume 
and internal surface area as the hardened cement paste is: 


6 
dn = oi 
d,S8 


where 

d,, = diameter of sphere in em 

S = surface area in sq cm per g 

d, = density of the dry paste in g per cu cm 

For cement A cured 7 days at 100 and 400 F, the values of d,, are 193 and 
2500 Angstrom units,* respectively. For cement B, the corresponding value: 
are 183 and 3280 Angstrom units. 


*An Angstrom unit = 10 cm. 
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It is hardly necessary to add that it is improbable that cement hydration 
products would develop as equal spheres or the pores as uniform volumes 
between these spheres. The above values are included for sake of comparison. 


Heat of hydration 

The heat of hydration, as determined by the heat of solution method, 
includes the heat of all of the reactions that occur when cement reacts with 
water. Verbeck and Foster,'® in tests made on cement cured for 615 years, 
obtained values which agreed fairly closely with values for the total ‘‘poten- 
tial” heat as calculated from heats of hydration of the separate compounds. 


Using the values given by Lerch and Bogue'’ for the heat liberated by the 
individual compounds upon complete hydration at normal temperature, 
Table 6 shows the total ‘“‘potential’” heat that would be liberated by cements 
A and B used in this study. 


As noted above, at curing temper- TABLE 5—PASTES CURED FOR 7 
atures of 320 and 400 F, the results DAYS AT TEMPERATURES INDICATED 


for heat of hydration indicate that Vin/ Wot 
the hydration reaction is about com- es 
pleted at these temperatures in 7 


days. In fact, cement B gave a 80 0.234 0.230 


slightly lower value at 400 F at 7 +4 . oer aon 


2 + - 200 0.157 0.264 
days than at 320 F at 7 days. 290 Sian 0239 


240 0.114 0.214 


The differences between the total 260 0.070 0.150 
280 0.045 0.100 


“potential” heats liberated at normal 300 0.031 0.042 

4 320 0.0215 0 035 
temperatures and the maximum meas- 400 0.0219 0.020 
ured heats liberated are: cement A, *Both Vm and 


108.8 — 94.7 = 14.1 cal per g; and 
cement B, 102.0 — 91.1 = 10.9 cal per ion 
This indi ; ; ‘e TABLE 6—“POTENTIAL” HEAT OF 
£ . ve Ig « > ‘ v 
g. us indicates that the total heat HYDRATION 
of reaction of a neat cement cured at 
high temperatures (steam-curing Compound in cement mong Bt rr 
range) is less than that of the same 
cement cured at atmospheric temper- = 
atures. Cc3s 120 
Cs 3.3. | 62 

one ‘3A 8. SY" 207 

Permeability to water CaAl 8.5 100 


Sulfoaluminate 149 


The flow of water through cement M0 203 


Cement A Cement B 
Ww/C 0.46 w/c 0.40 
by weight by weight 


are expressed in mg per g of dried 


pastes cured at atmospheric tempera- Total 108 
tures has been described by Powers'® ‘ement B 
and Steinour'® as the slow migration 


Cs 53 120 


of water molecules through an essen- C% 7 ov 4 
tls - a : . . » + gebanee _ CuAF : 100 4 
ially continuous gel or floc structure. CAP. i 2-3 


These authors claim that the perme- M0 208 8 
ability of specimens made with nor- Total_102.0 


*Corrected for sulfoaluminate reaction 


mal W/C depends on the floc texture +Percent of 80s 
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and, when the W/C is increased to give high dilution, voids developed in 
the hardened paste give higher permeabilities. 

As shown in Fig. 6, the permeabilities of the specimens were low until a 
curing temperature of about 160 F was reached. At higher temperatures, 
the permeability increased rapidly until it reached a maximum at a curing 
temperature of about 300 F. As would be expected, this is opposite to the 
change in internal surface area which decreased rapidly in this temperature 
range. The decrease in internal surface area is explained by an increase in 
the particle size of the reaction products and, from a strictly physical stand- 
point, this would create larger voids or pores through which the water can 
flow more readily. 


Effects of pressure 

It may be seen from Table 3 and Fig. 9 that increasing the pressure up to 
about 1000 psi slightly increased the heat of hydration at 1 day and caused 
increases in internal surface area and strength. These tests were made at 
200 F and, at this temperature, the strength specimens cured at atmospheric 
pressure contained a large number of small air voids. As pointed out by 
Hansen,*® the low strengths at atmospheric pressure may be due to the ex- 
pansion of entrained air. Part of the gain in strength obtained with pressure 
appeared to be due to consolidation of the structure of the specimens and part 
is due to an increased rate of hydration. 

The mechanism by which pressure alone causes slight increases in the 
sarly rate of hydration is not readily explained. Studies* now being made 
in our laboratories indicate that the rate of hydration is increased during 
the early ages (2-8 hr) on pastes cured at 100 F and that, after this period, 
the rate becomes equal or somewhat less than that obtained on the same 
cement at atmospheric pressure. It appears that pressure hastens one of 
the initial reactions and, then, has no further effect after the paste has taken 
a final set. 
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of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Rhein bridge at Wesel (Die Rhein- 
bruecke bei Wesel) 
©. Berr, Der Bauingenieur (Berlin), V. 29, 1954 
No. 10, Oct. 1954, pp. 378-384; No. 12, Dec. 1954 
pp. 445-455 

Reviewed by Aron L. Mirsky 

Left bank (‘‘flood plain’’) approach con- 
sists of a prestressed concrete bridge con- 
tinuous over two spans. At and adjacent to 
center pier, the two main girders are rein- 
forced by a bottom slab, thus forming a 
box section there. Reconstruction of existing 
masonry piers and construction of bridge 
(including falsework) are described in first 
part. 

Second part of article discusses the three- 
span continuous steel truss main river cross- 
ing. [Another interesting article on this is 
‘Experimental and Theoretical Investigations 
on the New Truss Highway Bridge at Wesel 
(Experimentelle and _ theoretische Unter- 
suchungen au der neuen Fachwerkstrassen- 
bruecke bei Wesel),’’ by Helmut Dotzauer 
and Herbert Krause, Der Bauingenieur, Oct. 
1954, pp. 385-392. 
and distortion measurements of the 
work under load.] 


This covers stress, strain, 


truss- 


Construction of the arch bridge over 
the Idrijac River in D. Trebusa 
(Dradnja mostu éez Idrijco v Sp. 
TrebuSi) 


Mitivos Srrceis, Gradbeni Vestnik 
V. 5, No. 15-16, 1953, pp. 92-93 


Reviewed by J. J 


(Yugoslavia), 


POLIVKA 


Description of the construction of a tied- 
arch bridge designed by D. Farénik (his 
article on experimental stress analysis in 
same issue reviewed below). Centering was 


_ A part of copyrighted JourNaL or THE AMERICAN Concrete INnstirute, V. 27, 
V. 52. Address 18263 W. McNichols Rd., Detroit 19, Mich. 


the book or article reviewed is in English. 


erected on piles, five under each transverse 
beam. Concreting was done in four phases: 
(1) Transverse beams and roadway slab were 
placed without tie beams. (2) Upper part 
of the centering was erected and the arch 
(3) After 28 days the forms of 
the top bracing diagonals and of the arch 


ribs placed. 


ribs were removed; due to a slight deflection 
(approximately 144 in.) the rods of the 
hangers bulged and had to be straightened 
with turnbuckles. (4) To prevent cracks in 
loaded 
earth to approximately 1350 lb per ft before 
concreting tie The 
whole structure required 125 cu yd of con- 


the hangers, the roadway was with 


beams and hangers 
The arches alone 
required 43 cu yd of concrete and 6400 lb of 
Total cost was $42,000 ($22 6500 


dinars per sq ft) 


crete and 19 tons of steel 


steel. 


Reconstruction of concrete bridge over 
the Idrijca River in Dolnja Trebusa 
(Obnova mostu éez Idrijco v Dolniji 
Trebusi) 


Drsan FaRcNIK 
5, No. 15-16, 1953 


Gradbeni Vestnik (Yugoslavia \ 
pp. 89-92 


Reviewed by J. J. PotivKa 


The bridge is of tied-arch construction, 
102 ft in span. It is of the Nielson 
similar to the Castelmoron bridge 


type 
in France 
The old bridge being replaced was of similar 
Width of 
the roadway between arch ribs is 33 ft in- 
20-in. sidewalks. The 8-in 


slab is supported by transverse beams 11 x 


type but with vertical hangers. 


cluding two 


36 in. in section, 15 ft on centers, which are 
suspended at their ends by inclined hangers 
The have a 5% x 

section, embedding four bars of 1 in. diameter. 


Arch 


hangers 6 é-in 
£ : 


cross 


ribs, 20 x 24 in. at the crown, with 


No. 6, Feb. 1956, Proceedings 
Where the English title only is given in a review 


If it is followed by a foreign title the work reviewed is in that language. 


In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 


original article is indicated in 


arenthesis following the English title. Copies of articles or books reviewed are not 


available through ACI. Available addresses of publishers are listed in the June “Current Reviews” each year 
In most cases ACI can furnish addresses of publications added later. 
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20 ft 
gonals, 64% x 11 in., 


are braced with four double dia- 
with four 
Tie beams, 14 x 
32 in., have five embedded tie rods of 13% 
The 
followed the 
method of the late Prof. Beggs of Princeton. 


rise, 
reinforced 
bars of 34 in. diameter. 
in. diameter anchored at the supports. 


experimental stress analysis 


Rur bridge near Linnich (Die Rur- 
bruecke bei Linnich) 
©. Berr and R. Marx, Der Bauingenieur (Berlin) 
V. 20, No. 9, Sept. 1954, pp. 329-333 
Reviewed by Aron L. Mirsky 

Description of design and construction of 
reinforced 
bridge about 267 ft long. 


three-span continuous concrete 
The five girders 
with the top and bottom slabs form a cellular 
cross section (the intermediate diaphragms 
are parallel to the skew and not normal to 
the girder), which complicated the analysis 
of the live load distribution. 


Sept-Voies bridge at Saumur (Pont des 
Sept-Voies a Saumur) 
M. Guitton, Annales des Ponts et Chaussees (Paris), 
V. 124, No. 5, Sept.-Oct. 1954, pp. 605-619 
Reviewed by Aron L. Mirsky 

Bridge, a five-span structure over the Loire 
replacing a war casualty, represents a triumph 
of cooperation between engineer and con- 
tractor. Latter suggested constructing the 
two-hinged _ filled-spandrel 
fabricated elements. 


arches of pre- 
Each span is supported 
by two ribs, each rib being a triple box in 
section. Each rib was erected in two halves, 
with a temporary hinge at the crown which 
was later concreted. Bailey bridges overhead 
served as falsework. 


Kansas first prestressed bridge 


Henry Menkimeyer, Roads and Streets, V. 
10, Oct. 1955, pp. 68-70 


98, No. 


Outlines the features of a secondary road 
bridge, the first prestressed bridge in Kansas. 
Design features, construction methods, and 
the acceptance test. required are described. 
The author that the tolerances 
allowed in precasting are too large for satis- 
factory joining, that the amount of camber 
is considerable and should be provided for in 
the design, and that economy 
satisfactory results should be secured by 
standardization and casting in central yards. 
He further concludes that the most promising 
procedure would be the substitution of pre- 


comments 


and most 
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stressed beams for steel beams using 
cast-in-place deck with forms hung from th: 
beams. This 
would eliminate the 


meeting exacting tolerances. 


prestressed procedure, o 


course, difficulty o 


Bridge for the Bacharach bypass over 
the tracks of the left Rhine Bank rail- 
road (Die Bruecke fuer die Umge- 
hungsstrasse Bacharach ueber die 
Eisenbahngleise der linken Rheinufer- 
bahn) 


G. Franz, Der Bauingenieur (Berlin), V. 29, No. 5 
May 1954, pp. 182-190 
Reviewed by Aron L. Mirsky 


Bridge is noteworthy for its prestressed 


slab, continuous over two unequal 


(one over two tracks, the other over one), with 


spans 


Bottom surface 
of slab is horizontal, while top surface follows 
bank of road; 
80 to 100 cm. 

Due to 


a skew angle of 70.5 deg. 
slab thickness thus varies from 


extreme skew and continuity, 
analytical methods of design were out of the 
question. Design of slab was therefore based 
on model investigations, which are fully de- 
scribed. (Discussion of these investigations 
appears in Der Bauingenieur, Feb. 1955, p 


76.) 


Reconstruction of the Sulzbach Valley 
bridge at Denkendorf (Der Wieder- 


aufbau der Sulzbachtalbruecke bei 


Denkendorf) 


Tu. Humme., Der Bauingenieur (Berlin), V. 
May 1954, pp. 163-176 
Reviewed by Aron L. Mirsky 


29, No. 5 


Bridge replaces a war casualty over thi 


steep-sided Sulzbach Valley. Many interest- 
ing designs were proposed; a composite type 
structure with seven continuous spans was 
utilized a concrete 


longitudinally 


selected. Final design 
both 
transversely and composite with the two main 
girders, the cross beams, and the two longi- 
Four different 
structural 


slab prestressed and 


tudinal open-web stringers. 


combinations of these elements 
were considered in the design calculations 
Withal, a most interesting piece of construc- 


tion. 


Thruway bridges get silicone treatment 
Roads and Streets, V. 98, No. 9, Sept. 1955, pp. 78-79 

A surface application of water-repellent 
silicone has been applied to the deck pave- 
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vent on all 160 bridges of the New York 
state Thruway as part of the long range 
program. Preliminary testing 
this purpose has 

Methods of application 


iaintenance 
silicones for shown 
romising results. 


re illustrated and described. 


Pile driving and deck casting methods 
for Sand Point bridge 


L. F. Srrrminski, World Construction, V. 
July-Aug. 1955, pp. 36-44 


8, No. 4, 


Describes precasting and erection involved 
5897-ft Sand 


Deck slabs spanning between 


in construction of bridge at 
Point, Idaho. 
trestle bents were precast and erected as a 
unit. The construction problems encountered 
are described and their solutions are well 
illustrated. 
35 ft, 
30-ft 
weighs 70 


The basic unit, precast, spans 
provides a 28-ft wide roadway with 
handrails, and 


clearance between 


tons. Barges were used for 


transport from precasting site to the bridge. 


Prestressed concrete bridge in Cuba 
spans nearly 300 ft 
L. Saenz and I. Marrin, Civil Engineering, V. 25 
No. 12, Dee. 1955, pp. 48-51 

This 298-ft clear span prestressed concrete 
box girder bridge is ‘“‘probably a Western 
hemisphere record for bridges of this type.”’ 
The bridge consists of a concrete box girder 
367 ft long resting symmetrically on two 
piers 298 ft apart. 
are anchored to the 


The ends of the side span 
rock by 


End supports of the main span con- 


foundation 
cables. 
sist of one fixed and one movable hinge 
Prestressing was accomplished by the use of 
galvanized bridge strands, unbounded and 
covered with two coats of asphalt paint for 
protection. The end fittings remain exposed 
in cable chambers at each end of the bridge, 
permitting future inspection to recheck the 
tension periodically and correct for any un- 
anticipated losses in prestress. 


Prestressed continuous slab-bridges 
(Voorgespannen plaatbruggen) 


H. E. Wesrennerc, Cement 
No. 5-6, June 1955, pp. 110-113 
Reviewed by Joun W. T. Van Erp 


(Amsterdam), V. 7 


Conventionally reinforced slabs have be- 
come widely used for spans up to about 60 ft. 
The advent of prestressing has changed this 
picture and made possible slabs of consider- 
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ably greater spans, still retaining their low 
headroom feature. Prestressed slab-bridges 
can be classed as follows: 

1. A group of prefabricated longitudinal 
girders erected and united by lateral post- 
tensioning on the job; a saving of 35 percent 
in weight is claimed over conventional con- 
crete. 

2. A group of prefabricated longitudinal 


girders erected and united by a layer of 
concrete cast in place on top ol girders 


3. A slab 
longitudinally and laterally 


cast-in-place post-tensioned 


Types 1 and 2 need no formwork nor 


scaffolding. Examples are shown and theit 


advantages demonstrated 


Construction 


Fulfilment in prestressed concrete (Une 
realisation en beton precontraint) 


RENE MARrrtTINEAt Montreal), V. 41 


No. 161, 1955, pp 


L' I ngenieur 
25-31 
Reviewed by 


Anon L. Mirsky 


Roof of 45.5 x 108-ft gymnasium of Notre 
Dame School, Richmond, Quebec, Canada, 
is supported by I-shaped prestressed concrete 
beams of 45.5-ft span on 6-ft centers. Spacing 


was dictated by use of wood roofing and 


suspended ceiling. Article gives details of 
design and fabrication of beams, constructed 


by the Stressteel system 


Garage of the military barracks at 
Wilryck (in French) 


Précontrainte (Br 


H. Decierce 
July-Deec. 1954, pp 


issels), V. 4, No 


84-92 
AUTHOR'S SUMMARY 


Single-story building 109.20 m long and 


52.64 m wide utilized precast prestressed 


units. Spans in the long direction were 9.90 
m; in the The 


had a slight rise in the 


short direction, 17.35 m. 
main beams (17.35 m 
center. Secondary beams rested on brackets 
attached to beams All 


pre-tensioned in the plant. 


main beams were 


The Queen Elizabeth Il Dock, Eastham 
Davin Croit Mitne, Proceedings, Institution of Civil 
Engineers (London), Part II, V. 4, No. 1, Feb. 1955 
pp. 1-54 (including discussion 
Reviewed by 


Aron L. Mirsky 


Locked dock, on River Mersey, is designed 
to handle 30,900-ton crude-oil tankers 
with provision for future expansion 


four 
Con- 
struction required some interesting methods: 
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excavated material was handled by conveyor 
belts; concrete for the lock and entrance wall 
was pumped, while that for the dock walls 
was handled by conveyors. A new type of 
climbing form was developed for the lock 
and dock walls. (See also “Current Reviews,”’ 
ACI Journat, Oct. 1954, Proc. V. 51, p. 212.) 


Construction in the U. S. A. (Bauven in 
U.S. A.) 


BERNHARD WEDLER (reporter), Bulletin No. 22, Ra- 
tionalisierungs-Kuratorium der Deutschen Wirtschaft; 
Carl Hanser Verlag, Munich, 1954, 126 pp., 7.20 DM 
Reviewed by Aron L. Mirsky 
Well-illustrated report of a 6-weeks’ tour 
through the United States by six German 
construction experts in the summer of 1952. 
Discussed are transportation facilities (pri- 
marily superhighways, garages), dwellings 
(ranging from better-class single-family homes 
to high-rental apartment structures, as well 
as slum-clearance developments), construc- 
tion materials and methods, planning and 
execution of construction projects (one illus- 
tration, a photograph of a thick volume of 
specifications for a hospital, may amaze the 
Germans, but not American contractors), 
organization of the construction industry 
(governmental inspection agencies, contrac- 
tors, unions, “coordinators’’), and standards 
organizations. The group’s conclusion: all 
very interesting, but not everything is appli- 
sable to German needs and German capacities. 
Further study trips of Germans to America, 
plus trips by Americans to Germany, are 
suggested. 


New government wharf, The Gambia 
Ricnarp D. Pearsatt, Proceedings, Institution of 
Civil Engineers (London), Part II, V. 4, No. 1, Feb. 
1955, pp. 119-136 
Reviewed by Aron L. Mirsky 

Wharf, a T-shaped extension to an existing 
wharf rendered unusable by silting, is at 
Bathurst, The Gambia (West Africa). Foun- 
dation consists of long, large diameter hollow 
cylindrical concrete piles which were manu- 
factured locally using untrained native labor. 
Despite this and the fact each 24-ft section 
(each pile consisted of three such sections 
plus the tip) was cast in one lift on end, 
using external vibrators and tamping rods, 
resulting concrete was hard and uniform. 
Driving was by a hammer operating inside 
the water-filled piles and acting on the toe, 
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assisted by a water jet. The beams an 
fenders are of precast concrete, rigidly con 
creted to the pile heads; the deck is of mono 
lithic concrete cast in place. (See also “Cu 
rent Reviews,’ ACI JouRNAL, Mar. 1953 
Proc. V. 49, p. 693.) 


Development of harbor construction in 
Italy (in Swedish) 


P. Letmmporrer, Belong (Stockholm), V. 39, No. 3 
1954, pp. 175-194 
Reviewed by MaraGarer Corsin 
An outline of the evolution of Italian 
harbor construction with special stress on 
concrete structures. It deals with develop- 
ment of breakwaters, quay walls, and recon- 
struction work carried out after World War 
II. Concrete blocks replaced stone and 
grew to monoliths up to 400 tons each due 
to the increasing capacity of cranes. Large 
hollow units precast on shore and sunk in 
final position were used. Foundation condi- 
tions are discussed. 


Controlling the Avalasse ravine at Eu 
(L’amenagement du ravin de I'Ava- 
lasse a Eu, Seine-Inferieure) 


P. De Contnovrt, 
(Paris), V. 


Annales des Ponts et Chaussees 
124, No. 2, Mar.-Apr. 1954, pp. 139-163 
Reviewed by Aron L. Mirsky 


Storm drain, serving a large drainage 
was constructed “partly as an open 
trench and partly (in the built-up area) as a 
buried conduit. For the latter, a triple 
rectangular culvert was selected in 
preference to a triple ovoidal conduit. Paper 
describes construction of the conduit section, 
including plant, forms, and concreting. 


area, 


box 


Cement silo, gravel silos, and water 
tanks of steel at the construction-site 
plant of the Mooserboden dam of the 
Tavern power works Glockner Kaprun 
(Zementsilo, Kiessilos und Wasserbe- 
haelter aus Stahl bei der Baustellenein- 
richtung der Mooserbodensperren des 
Tavernkraftwerkes Glockner Kaprun) 
FriepRicH Mescuan, Der Bauingenieur (Berlin), V. 
29, No. 5, May 1954, yg A aay % 
eviewed by Aron L. Mirsky 
Project, which has been well covered in 
recent literature (see, for example, Engi- 
neering News-Record, July 21, 1955, pp. 52- 
53; Civil Engineering, Apr. 1955, p. 78; and 
various foreign publications, some of which 
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ive been reviewed in the ACI JouRNAL) 
vas a large one, and the construction plant 
as of corresponding size. Six sand bins 
one for each size group), with a combined 
ipacity of around 8000 cu m, one cement 
in of 2580 cu m capacity, and a 300-cu m 
vater tank were used. (The concrete-placing 
plant was described by the author in the 
March 1954 issue of Der Bauingenieur, pp. 
77-85; see “Current Reviews,’’ ACI JouRNAL, 
May 1955, Proc. V. 51, p. 952.) 


Lightweight building construction: 
Prestressed units for ease of erection 
Engineering (London), V. 180, No. 4670, July 29, 1955, 
pp. 154-155 
Reviewed by Aron L. Mirsky 
Technical high school at West Worthing, 
one of three planned to serve area, is first 
to be built using the ‘‘Intergrid’’ system 
(The Engineer, V. 198, No. 5136, July 2, 1954, 
pp. 27-28; ‘Current Reviews,’’ ACI JourNAL, 
Dec. 1954, Proc. V. 51, p. 392). 
ering a total area of about 54,000 sq ft on an 
irregular plan, thus 


School, cov- 


serves as a_ testing 
ground, not only of the planning of this type 
of facility, but of the structural system as 
well. 

Article describes criteria which led to de- 
velopment of the Intergrid system, and the 
construction of columns, beams, floor and 
roof slabs, and cladding and finishes. Of 
special interest is the fact that 60 percent of 
all units manufactured tested 
ultrasonically. 


have been 


Haweswater Aqueduct 


A. Arxinson, The Engineer (London), V. 
5184, June 3, 1955, pp. 787-789 


199, No. 


Inauguration of Haweswater 
Aqueduct 


The Engineer (London), V. 


199, No. 5186, June 24, 
1955, pp. 875-876 


Reviewed by Aron L. Mirsky 

Aqueduct, of 105-mgd capacity serving 
Manchester, includes 30.85 miles of concrete- 
lined tunnel and 7.96 miles of cut-and-cover 
concrete channel, both of 8.5 ft internal 
diameter, and 3.84 miles of steel-core con- 
crete siphons with 8.0 and 7.25 ft internal 
diameters. First article, an abstract of paper 
titled “Manchester Waterworks—1945-1955”’ 
presented at summer meeting of Institution 
of Water Engineers, May 18, 1955, describes 
principal construction features of the aque- 
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duct. Second article is a general description 
of project and contains some cross sections 


illustrative of the concrete construction 


Dams 


Concrete damage to 40-year old 
Keokuk Dam investigated 


E. Scuake and R. SHELTON 


Civil Engineering, V. 25 
No. 9, Sept. 1955, pp. 50-54 


Deterioration of concrete on the dam was 
due both to action of the water and weather. 
Surface and deterioration 


erosion was 


measured by an offset measuring rod. Con- 
dition of interior concrete was investigated 
Dye 
under pressure was used in some of the test 
Test 
cores were subjected to both compression 
Depth 
of many cracks was determined by drilling 
that 


by use of the Soniscope and test cores. 
core holes to investigate permeability. 
tests and freezing and thawing tests 


Principal conclusions reached were 


deterioration due to freezing and thawing 


had penetrated the concrete 12 in. or more 
I 


in particularly vulnerable areas. The con- 
dition of the concrete at present is roughly 
to the 


wetting and drying it has received, although 


proportional amount of alternate 


permanently wetted concrete was found to 


be sound. Recommendations for repairs 


are included. 


Report on the concrete placing during 
freezing weather at Katsurazawa Dam 
(in Japanese) 


C. Sato and K. Krramora, Journal of Japan Society 
of Civil Engineers (Tokyo), V. 40, No. 5, May 1955 
pp. 1-7 


AvuTHuors’ SUMMARY 


A report on the use of an electric curing 


method of the surface circuit type in con- 


struction of a concrete dam in cold weather 


Trial load analysis of stresses in dams 
ASCE, V. 81, Separate 
$0.50 
AvuTHuor's SUMMARY 


O. Prarsterrer, Proceedings 
No. 662, Apr. 1955, 25 pp., 


Presents a general analytical proof for the 
trial load analysis of stresses in concrete dams 
The presentation also endeavors to confirm 
the validity of the use of the principal systems 
in the trial load analysis; namely; vertical 
cantilevers, horizontal arches or beams, and 
the twisted structure. The general equations 
developed for arch dams are simplified for the 
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particular analysis of straight gravity dams 

having grouted and ungrouted joints. 
Presented separately are the two methods 

self- 


of performing the analysis: the use of 


balancing loads, and the use of twisted 


structures. 


Design 


Computation of reinforced concrete 

(Calculo de bet@o ardo) 

TeLemaco Von LANGENDONCK, Associacio Brasileira 

do Cimento Portland, Sio Paulo, 1954, 500 pp. 
Riviewed by J. LAGInHA SERAFIM 

Book constitutes a powerful aid for those 
who wish to study the theoretical principles 
of reinforced concrete or undertake its com- 
putation. 

The present volume is the first of a com- 
plete work by the author on various problems 
of reinforced structures. After 
precise summurization of the general ideas 


concrete 


and theories on strength of materials, the 
author presents, based on extensive references, 
the properties of concrete, steel, and rein- 
concrete. 
and 
members in 


forced Computation of concrete 
thrust blocks 


reinforced 


tension 
then 


columns, and 
concrete is 
presented. 

Work is valuable 


that facilitate current design. 


completed by tables 


A quick approximation to the critical 
load of rigidly jointed trusses 


Artuur Bouton, The Structural Engineer (London), 
V. 33, No. 3, Mar. 1955, pp. 90-95 
Reviewed by C. P. S1ess 


Critical load for instability is calculated 
by a moment distribution technique involv- 
ing stiffnesses and carry-over factors modified 
by the presence of axial load. Approximation 
involves selection of critical joint in the truss. 
Numerical examples are given. 


Influence lines in plane and three 
dimensional continuous frames (in 
Portuguese) 


SAMUEL CHAMECK 


, Editora Cientifica, Rio de Janeiro 
1954, 74 pp. 


AvTHOR’s SUMMARY 
lines of 
presents the “displacement 
propagation process’’ by means of which 
displacements are computed. The calculus 
Ad- 
vantages of the process lie in visualizing the 


influence 
author 


To obtain continuous 


frames 


is done by successive approximation. 
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physical phenomena, in the rapid cony 
gency, and in the automatic checking of 
results. 

The possibility is shown of exact det: 
mination of the unfavorable 
of live load without the need of drawing th: 
influence lines. 
presented. 


most positio 


Numerical examples ar 


Dead load and live load moments in 
shells of revolution built-in into cyl- 
inders 


J. V. Huppieston and M. G. Satvaport, Proceedings 
ASCE, V. 81, Paper No. 772, Aug. 1955, 21 pp., $0.50 


Approximate methods are developed and 
design curves and tables furnished for th« 
determination of local bending stresses at 
the edge of dome shells supported on circular 
walls. Stresses in the major portion of th 
dome may be satisfactorily determined by 
the membrane theory but the discontinuities 
predicted at the edge must be reconciled to 
allow for the actual continuity in the struc- 
ture. 
moments 


Expressions are derived for bending 
and these 
edges in terms of parameters based on di- 


transverse shears at 


mensions of the structure. Curves and tables 
giving numerical values for these parameters, 
are included. A numerical 
illustrates their This paper 
regarded as the third in a continuing series 


application 
use. may be 
It continues the methods and extends the 
previously developed in ‘Ribless 
Cylindrical Shells,’ ACI Journat, Jan. 1955 
Proc. V. 51, pp. 457-460; and ‘Shell Versus 
Arch Action in Barrel Shells,” 
ASCE, V. 81, Separate No. 653, 


scope 


Proceedings 


Mar. 1955 


Development of the elastic theory of 
continuous frames 
E. H. Bateman, The Structural Engineer (London 
V. 33, No. 3, Mar. 1955, pp. 73-85 
AvuTHOoR'’s SUMMARY 

The historical development of methods o! 
analysis for use in the design of continuous 
frames is traced from the introduction of th 
theorem of three moments, almost a hundred 
ago, 
tion of 


years to the contemporary applica 


electronic digital 
types of frame under consideration rang 
from the highly redundant skeleton of 

city building to the highly 
structure of a span 

The analysis is re- 
conventions of 


computers. Thi 


deformab|k 
large stor) 
building or hangar. 


stricted by the 


single 


practica 





CURRENT REVIEWS 


that 
11 deformations of frame members may be 
that 


nder as to raise problems of elastic in- 


ictural engineering design, namely 


counted, and columns are not so 


ibility. The principal methods—moment- 
rea, slope-deflection, strain-energy, moment- 
istribution, relaxation—are summarized 
riefly, and a case is presented for the need of 
nore than one method to meet different design 


requirements. 


Composite beams with elastic and dis- 
continuous dowelling (Verbundtrae- 
ger mit elastischer und unterbrochener 
Verduebelung) 
\nsetm Hoiscuen, Der Bauingenieur (Berlin), V. 29 
No. 7, July 1954, pp. 242-244 
Reviewed by Aron L. Mirsky 

In composite construction the horizontal 
shear is concentrated at discrete points (the 
dowels); hence the assumption that a plane 
section remains plane after bending does not 
hold for such members, which must be con- 
sidered as formed of two homogeneous sec- 

Author 
deriving 
formulas for beams under five types of load- 


tions coupled together elastically. 


presents theory of elastic bond, 


ing (uniform, concentrated at any point, 
concentrated at midspan, temperature, and 
prestressing), and outlines theory of discon- 
tinuous bond (such as occurs when dowels 
are omitted in the region of zero shear in a 
beam symmetrically loaded with two con- 
centrated loads). Normal stresses in a beam 
loaded at midspan are critically compared for 
the three cases (rigid, elastic, and discon- 
tinuous shear connections ). 


The paradox of the elastic slope (Le 
paradoxe du talus elastique) 


O Cot RTAIGNE, 
Paris, V. 124, No. 4, July-Aug. 1954, pp. 475-483 
Reviewed by Aron L. Mirsky 


Annales des Ponta et Chaussees 


Insufficiency of solutions for certain 
problems in plane elasticity (Insuffi- 
sance des solutions donnees a certains 
problemes d’elasticite plane) 
Jean Courson, Annales des Ponts et Chaussees (Paris 
V. 124, No. 4, July-Aug. 1954, pp. 475-483 

Reviewed by Aron L. Mirsky 
mathe- 
matically-correct solutions of equations in the 
classical theory of elasticity do not necessarily 
correspond to reality. First paper concerns 
stresses due to body forces, second investi- 


Two studies demonstrating that 
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gates the equilibrium of a heavy dihedron and 
Material 
in analysis of triangular dams (e.., 
des Ponts et Chaussees, Mar.-Apr. 1953, pp 
125-148; “Current ’ ACI JourNnat, 
Nov. 1953, Proc. V. 50, p. 265 


Flamant’s problem is of interest 


innales 


teviews, 


Analysis of three-column symmetrical 
multistory frames for wind load by 
the angle-balancing method (Berech- 
nung dreistieliger symmetrischer Stock- 
werksrahmen auf Windlast nach dem 
Drehwinkelausgleichsverfahren) 
SauvaGe, Der Bauingenieu Berlin), V. 29, No. 9 


Sept. 1954, pp. 342-345 


} 
Reviewed by Aron L. Mirsky 


Expansion ol author’s previous paper 
Der Bauingenieur, V. 28, No. 3, Mar. 1953, 
pp. 91-92; “Current Reviews,’ ACI JouRNAL, 
Nov. 1953, Proc. V. 50, p. 264) to multistory 
frames with two equal bays. A numerical 
example is worked out 


Materials 


Review of the methods of testing aggre- 
gates for structures other than roads 
and airfield runways 


Proceedings, Institution of Civil Engineers 
Part I, V. 4, No. 3, May 1955, pp. 353-384 
ARON I 


London 
Reviewed by Mirsky 
Report of an Institution of Civil Engineers 


headed by R H H 


Attributes and periormance desired of a 


committee 


Stanger 
gyere- 
gates (both nonlightweight and lightweight 
and of the concrete made therewith, and the 


pertinent tests, are discussed sritish test 


methods are outlined briefly in two appendices 


Technology of the fine aggregate in 
concrete. (Die Technologie des Fein- 
korns im Beton) 

Joser Frirscnu, Zement und Beton 
No. 1, May 1955, pp. 1-4 


Reveiwed by Fritz 


Vienna \ l 
KRAMRISCI 


Describes a method being developed to 


improve the proportioning of mixes and 


simplify control 
gate, 
three 


Regarding the fine aggre- 
combination of 
0.1-1, 1-3, 
than a full 
This assumption permits the use 


author considers a 


characteristic 


and 3-7 


lractions 
mm as more important 
gradation. 
of a_ three-element 


diagram (equilateral 


triangle) where any mixture of the fine 


aggregate, a 
fractions, can be 


combination of these three 


shown as a point in the 
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cement 
required is determined for each aggregate 


diagram. If the least amount of 
combination and entered in the diagram at 
the point representing the mixture, lines can 
be drawn of equal cement requirements for 
different combinations of aggregate locating 
the optimum combination with the smallest 
With only three frac- 
tions the optimum aggregate combination is 


cement requirement. 


easier to control and maintain at the mixing 
plant. 


Classification of fine sands in the con- 

crete laboratory (Feinsandklassierung 
im Betonlaboratorium) 

Tueopor Eper, Der Bauingenieur (Berlin), V. 29, 
No. 9, Sept. 1954, pp. 335-338 

Reviewed by Aron L. Mirsky 

Description of commercial apparatus for 


water classification of fine sands in the 


well-furnished laboratory. 


Determination of the heat of hydration 
of pozzolanic cements on the basis of 
the heat of solutions (in Italian) 


A. Rio and F. von Batpass, Industria Italiana del 
Cemento (Rome), Mar. 1955 
Reviewed by J. J. PotivKa 


Various methods used for determining 
the heat of hydration of cements are dis- 
cussed and their relative advantages studied. 
It is concluded that the method of the heat 
of the solution should be preferred, not only 
for its greater simplicity but also because 
definite and obtained 
The 


is examined for pozzolanic 


constant values are 
which are so important for the builder. 
same method 
cements which are characterized by incom- 
plete solubility. Conditions are established 
under which, in spite of this inconvenience, 
exact values of the heat of hydration can be 
obtained. The method is verified by tests 
Further- 
more, modifications of this method are pro- 
which 


with Italian pozzolanic cements. 


posed speed the examination and 


eliminate errors. 


Testing of cements for inherent strength 


M. A. Swayze (discussion by W. C. Hanna), ASTM 
Bulletin, No. 209, Oct. 1955, pp. 27-33 


Traces the historical development of the 
tensile strength test for cement. Indicates 
that this long-accepted test may fail to indi- 
cate true strength differences because of 
stress inequalities in the tension briquette 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


February 19 


specimens due to the variation in the modu 


of elasticity between the high and 


strength cements. Indicates a_prefere: 
for-compression tests or modulus of ruptur 
tests to replace the standard tensile test 
The discussion develops the argument. 
favor of tensile tests that the results are mor 
easily reproducible and also discusses th 
retrogression of strength shown by certain 
cements in the tensile test. 


Method for the determination of 
cement content of plastic concrete 
W. G. Hime and R. A. Wittis, ASTM Bulletin, N 
209, Oct. 1955, pp. 37-43 

Describes the development of a method 
utilizing the principal of heavy-media sepa- 
ration. The heavy medium used is a liquid 
mixture whose specific gravity may be ad- 
justed to a value between that of cement 
and fine aggregate, thereby permitting th: 
cement to sink and the aggregate to float 
A centrifuge is used to accelerate the sepa- 
ration. By means of appropriate calibration 
may be estimated 
Preliminary results shown give average errors 
of approximately 0.1 to 0.2 sacks per cu yd 
It is further noted that the method cannot 
be applied without some modification to con- 
cretes containing fly ash admixtures. 


curves, cement content 


Technology of cement and concrete— 

V. 1: Concrete materials 

Rosert F. Buanxs and Henry L. Kennepy, John 

Wiley & Sons, Inc., New York, 1955, 422 pp., $11 
Definitely a reference book for students 


and practitioners of cement and concret: 


technology. Selected portions of the book 
are appropriate for use as an undergraduat 
or graduate text and the material is well 
suited as a reference for engineers. 
technicians will find the book of interest and 
of value although it is by no means com- 


Concret 


prehensive in all the various specialty fields 
of concrete technology. Its greatest valu 
is that it represents a collection of information 
on all phases of an extensive subject.  [Ex- 
cellent bibliographies within each section 0! 
the book will enable technicians to use it as 
a starting point for detailed studies. Th« 
scope of V. 1, Concrete Materials, includes 
all the various cements in common use, ad 
mixtures, and aggregates. 

is to be the subject of V. 2. 


Concrete itsel! 
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Pavements 


Thin concrete layer tested on lowa 
highways 
truction Equipment Operation and Maintenance, 


8, No Mar.-Apr. 1955, p. 10 


Hicuway Researcn ApsTRACTs 


May 1955 


Che Research Board is 
‘perimenting with resurfacing old highways 


vith the 


Iowa Highway 


a thin layer of concrete. Since 
highway widening 
sunched about 6 


lowa program 


a considerable 


was 
years ago, 
mileage of old and narrow concrete roadways 
have been resurfaced with 6 in. of new 
oncrete 

To 


oatings of 


costs, research with concrete 


1 to 3 
being done on a four-lane stretch of highway 


reduce 
in. on old highways is 
That pavement was laid in 1921, was 18 ft 
wide, 


in. mM 


7 in. thick at the outer edges, and 8 
the center. It built 
expansion joints and therefore was plentifully 


was without 


marked with random cracks. The old pave- 
ment cracks were mapped in photographs 
the The 


slab was widened to 22 ft and was resurfaced 


before new surface was applied. 
with a layer of concrete varying in different 
sections from 1 to 3 in. in thickness. 

The work followed in this sequence: (1) 
crack filler removal; (2) using a street sweep- 
ing broom and a strong detergent powder the 
then 
flusher; 


surtace was thoroughly scrubbed, 


flushed with water through a street 
3) concentrated muriatic acid was applied 
on the pre-wetted surface; (4) 10-in. forms 
were set to the grade of the finished surface 
2-ft 
each side of the slab; (5) reinforcing mesh 
tied the 


were to be covered; (6) the pneumatic mortar 


and a widening strip constructed on 


was down on slab sections which 


bonding course was put in place with a Jet 


Crete gun; and (7) the thin resurfacing was 


placed. Some difficulty was experienced in 
keeping the mesh below the surface of the 
l-in. coating. 
Experimental road_ in 
France 


Concrete and Constructional Engineering 
0, No. 5, May 1955, pp. 199-200 


prestressed 
London), 


Deseribes design and construction of an 


experimental prestressed road approximately 
325 yd long, in which the concrete slab was 
prestressed longitudinally without the use of 
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prestressing steel between fixed abutments. 


Transverse prestress Was used in sections 


and ordinary transverse reinforcement in 


other sections. The longitudinal compression 
“flat-jacks,”’ 
transverse joints formed in intervals of about 
195 ft, the 


abutments at each end of 


was produced by placed in 


compressing against 
These 


the 


concrete 
the road. 
to those used on 
at Orly 


abutments are similar 


prestressed airfield runway 


Prestressed concrete roads 

Roads and Road Constructior 

388, Apr. 1955, pp. 114-11 
Hicguway ResEARCH 


J. P. Srorr 
V. 33, No 


England 


A RSTRACTS 


Sept. 1955 


A review of this method of 


ot 


construction 
reinforced 
the 
significance of prestressing is assessed in the 
light of them 


Causes failure in plain and 


concrete roads are considered and 
Particular attention is paid 
to the formation and development of cracks 

A distinction is made between two types 
of prestressed road 
the 


consists ol 


the individual-slab type 
The 
with 
These 


They have usually 


and continuous type first type 


separate slabs expansion 


them. slabs have 
lengths from 61 to 404 ft. 


by 


joints between 


and 
The 


prestressed road consists of a 


been prestressed internal cables, 
various cable layouts have been used 
second type of 
slab, 
prestressed by jacks which generate a thrust 
At the ends of the slab, the 


is resisted by 


continuous without expansion joints, 
along the slab 
thrust abutments 


Suggestions are made for design values of 
prestress, and a review is included of existing 
prestressed roads, with such figures of costs 
as are available 

Frost penetration problem in highway 
engineering 
A. R. JumrKis 
Brunswick, N. J 


Rutgers Press, New 


University 
1955, $5 


165 pp $5 

telates the empirical approach of the high- 
way engineer to frost penetration with the 
The 


author has collected, analyzed, and related 


analytical and theoretical approach 
the best theoretical tools available to highway 
design practice and the results of field tests, 
observations. Treats 

(1) steady state flow 
of heat; (2) unsteady state flow of heat; (3 


measurements, and 


the following theories: 


Neumann’s theory; (4) Stefan’s theory; (5 


the suction foree theory Proposes some 
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remedial measures against frost damage to 
roads, and frost. criteria to apply for the 
identification and evaluation of soils in 
advance for their use in engineering purposes. 
The book should be of interest to highway 
designers wishing to deepen their background 
on the subject of frost penetration. It is 
also suitable for text purposes, for training 
research personnel, for advanced soil me- 
chanics, and perhaps as a guide for research 
on frost action. For fullest appreciation of 
its value, the book requires that a reader 
have a mature mathematical background. 
Two pavement Kansas 
Turnpike 


Roads and Streets, V. 


types for 


98, No. 9, Sept. 1955, p. 44 


Equivalent pavement cross sections in 
portland cement concrete and flexible pave- 
ment are shown. The selection of section 
for each portion of the road takes into the 
account and 


The 


eastern 55 miles will be portland cement 


the availability of materials 


character of soils along the route. 
concrete and the remaining 180 miles will 


be flexible pavement. 


Prestressed Concrete 


Design of prestressed concrete struc- 
tures 
T. Y. Lox, John Wiley & Sons, Inc., New York, 1955, 
150 pp., $11.50 

Intended to present a systematic and com- 
prehensive coverage of the field so that the 
average engineer can learn to design with 
ease and confidence, this book deals essen- 
tially with design. A substantial portion of 
the book covers the materials and methods 
for prestressing as well as economic factors 
and special problems. 
upon the structures, stressing 
fundamentals of design rather than details 
which can be readily obtained from other 
Limited to 


Emphasis is placed 
design of 


sources. features of design 
peculiar to prestressed concrete, it assumes 
that the working 
knowledge of strength of materials, reinforced 
concrete design, and elementary structural 
analysis. Tables, graphical methods, and 
numerical examples are included. 

Elastic and ultimate designs are presented 
together, not only for flexure but also for 
investigation of shear, bond, and axial loads. 


readers will possess a 
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Such an approach is unusual but desira 
for this subject, particularly since the relatio: 
ship of working stresses to ultimate strengt} 
equivalent to that 
ordinary reinforced concrete design. Actu 


is not necessarily 
cost of prestressing in the United States 
considered and also prestressing combined 
with the lift-slab method and pre-tensione: 
The book is hig! 
recommended for practicing structural eng 


concrete products. 
neers and should be a valuable textbook 

classes in advanced structural design \s 
appendices, design data on _ prestressing 
steel offered by several American suppliers 
are included as well as the “Criteria for Pri 
Bureau 


stressed Concrete Bridges’ by the 


of Public Roads. 


Ultimate strength of prestressed con- 
crete beams 


Henry J. Cowan, The Structural Enginee 
V. 33, No. 7, July 1955, pp. 197-212 
Reviewed by C. P. Sirss 


London 


Derives and presents expressions for ulti 
mate strengths for various shapes of cross 
section and 


arrangements of reinforcement 


and for both primary tension and primar 
compression failures. Illustrates applications 


to practical design for various cases. 


Method presented for computing steel 
prestress losses 


H. K. Srepuenson and Truman R. Jones, Ji 
Civil Engineering, V. 25, No. 8, Aug. 1955, pp. 62-f4 


Presents a general formula for estimating 
prestress loss. The general formula includes 
effect of 


causes: (1) creep in the steel; (3 


separately the losses from four 
distinct 
concrete shrinkage; (3) elastic concrete strait 
(4) creep in the 


concrete. Suggested co 


efficients are supplied. 


Contour definition of prestressed con- 
tinuous beam with straight-line cable 
position (in Polish) 


S. KaurmMan, 
V. 11, No. 4, 


Inzynieria i Budowrictwo (Warsaw 


Apr. 1954, pp. 118-122 
AppLiepD Mecnanics Review 
Aug. 1955 (Dybeza!l 
Author determines typical cases for cab 
eccentricity at critical sections of span, Pp 
portions, and for slope of the lower bea! 
contour (assumed horizontal 
are: (1) symmetrical beam wit 
parabolic slopes at both ends; also limitir 


top). Case 
solved 
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dition of continuous lower parabola; 

nonsymmetrical beam with straight-line 
pe at one end; (3) nonsymmetrical beam 
ith parabolic slope at one end. Two and 
further discussed for the 
Full 
d graphs for various length proportions 
offered. 

cable approach, while more practical 


ee are central 


span and the pier span. derivations 
Author cautions that a straight- 


since friction is absent, loses the advantage 
strengthening 
He shows that elimination of 


transverse provided by 
{ irved cable. 
secondary moments, used with discretion in 


this method, simplifies design 


Design of statically determinate beams 
and slabs in prestressed concrete 
based on ultimate load 

P. W. ApELEs, Concrete and Constructional Engineering 


London), V. 50, No. 5, May 1955, pp. 201-208 


Prestressed concrete has made necessary 
iltimate load analysis since the permissible 
stresses under working load have no relation- 
ship to those at failure. Bonded, nonbonded, 
and grouted post-tensioned prestressed con- 
Moment 


over-rein- 


crete conditions are considered. 


failures for under-reinforced and 
forced beams are predicted by approximate 
methods. Shear, fatigue, and bond failures 
are discussed but no solutions 
that 
are necessary for accurate prediction of failure 
with 


It is also concluded that it is 


presented 


It is concluded further investigations 


in members nonbonded steel and for 


shear failure. 
fatigue 


not necessary to investigate. the 


strength of prestressed concrete. 


Some aspects of prestressed concrete 
with particular reference to electrical 
transmission structures 


8. Macerata, Transactions, South African Institution 


of Civil Engineers, V. 4, No. 2, Feb. 1954, pp. 65-78 


Apptiep Mecnanics Revinws 

Oct. 1955 

The case for using prestressed reinforced 
concrete in the design of electric transmission 
masts and traction-supporting structures is 
presented. A study is made of the com- 
ponent materials and emphasis is laid on the 
importance of the 
ratio of the 


water-cement 
Partly 
theoretical considerations, but mainly from 


original 
concrete used. from 
empirical data, it is shown that only concrete 
obtained from a paste free from capillary 
water can eliminate the danger of the steel 
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reinforcement corroding within the structure 

A test on a type of mast intended for rail- 
detail 
from an 


way electrification is described in 


From the results obtained and 


analysis of the performance of the mast under 
test as well as from calculated stresses, the 
safety of concrete 


exceptional prestressed 


structures is demonstrated and a_ suitable 
criterion for determining the failing load in 
prestressed concrete design is advocated 
The economical aspect is illustrated, giving 
sizes, calculated weights, and quantities of 
materials used, as well as proposed uses lol 
different 
ranging 


telegraph poles to 60-ft masts suitable for 


seven types of prestressed masts, 


Irom low-voltage distribution and 


high-voltage transmission 


Design assumptions and the behavior 
of prestressed concrete 


P. W. Ape tes, Concrete and Constructional Engines 
London), V. 50. No. 9, Sept 


1955, pp. 317-327 


Discusses discrepancies that may 


and the 


concrete 


occul 


between the design assumptions 


actual behavior of prestressed 
particularly such discrepancies which result 
in undesirable or unanticipated results i 
effect. of the 


actual construction conditions and conditions 


construction. Considers the 


of use upon shrinkage cracks before pre- 


stressing, creep In the concrete and creep in 
the steel, total 


other factors not well known, such 


reduction of prestress, and 
as actual 
tensile and compressive strength, and Young's 


modulus of elasticity 


Plant extrudes concrete for prestressed 
precast slabs 


Engineering News-Record, VY. 
1955, pp. 40-41 


155, No. 21, Nov. 24 


A process now in use in Waukesha, Wis., 
produces concrete planks by extrusion from 
a slip-form built on to a gantry crane that 
spans the casting beds. A continuous plank 
330 ft long is cast over pre-tensioned wires 
Each day’s 
upon the 


anchored at each end of the bed 


output is cast directly previous 
day’s planks until the 5-ft height of the end 
attained. Six days after 


anchors has been 


casting, the wires are released and the 330-ft 
planks are cut into the desired lengths by a 
special masonry saw. Floor and roof planks 
4 to 8 in. thick, 20 to 40 in 


up to 24 ft are produced 


wide, for spans 
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Properties of Concrete 


Concrete. Proportions by volume. 
Mixtures for the foreman (in Portuguese) 


A. Catpas Branco, Séire Divulgacao No. 12 ( 
Janeiro), 1952, 212 pp. 


Rio de 


Reviewed by A. Garcia 


Author shows practical batching methods 
for various concrete mixes. Chief factors to 
be taken into account in proportioning and 
batching concretes most commonly employed 
Book 
accidents due to deficiencies in batching, and 
the of for volu- 
proportioning; it suggests the 
dustrialization of concrete manufacturing in 
the large Brazilian centers. 


in building are presented. refers to 


favors use wheelbarrows 


metric in- 


Cements and shrinkage (Ciments et 
retraits) 
Camitte Jory, Revue des Matériaux de Construction 
(Paris), No. 478-479, July-Aug. 1955, pp. 201-204 
Reviewed by Puituie L. MeLvitLte 
An experimental study of the effect of the 
fineness of white cement on hair cracking of 
architectural tiles made with the cements. 
(See also “Current Reviews,’’ ACI JouRNAL, 
June 1955, Proc. V. 51, p. 1069). Fine 
cements gave poor performance and more 
than 15 percent finer than 7.5 microns and 
more than 20 percent finer than 10 microns 
appear unsafe 


Factors influencing the physical prop- 
erties of refractory concretes 
W. C. Hansen and A. F. Livovicu, American Ceramic 
Society Bulletin, V. 34, No. 9, Sept. 1955, pp. 298-304 
Gives data for compressive and flexural 
strength of calcium aluminate cement and 
crushed, high heat duty, fire clay brick con- 
crete with and without 10 percent plastic 
fire clay. Specimens were exposed to temper- 
atures in the range of 500 to 2200 F and 
tested either at the firing temperature or 
after cooling to room temperature. Results 
show fairly tested at 
firing temperatures up to 1500 F, decreasing 
rapidly from 1500 F to 2200 F. Strength 
tests after cooling to room temperatures de- 
creased with firing temperatures to about 
1600 F and then increased. Data are given 
for curing temperatures in the range of 50 
to 110 F and also for curing temperatures 
immediately after molding in the range of 
80 to 1800 F. High temperatures during 


constant strengths 
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Data on t! 
effect of maximum size aggregate and p 


to aggregate 
pressive strength and volume change a 


initial curing are detrimental. 


portions of cement on com 


given. The effect of prolonged heating 
to 5 years on compressive strength is 
shown. 


Preliminary investigations into the 
design of concrete mixes on the basis 
of flexural strength 

P. J. F. Wricut, Research Note No. RN/2082, Ro 
Research Laboratory, Department of Scientific and 
Industrial Research (England), Sept. 1953, 20 pp. 
Investigations into the design of con- 
crete mixes on the basis of flexural 
strength 

P. J. F. Wricut and D. A. McCussin, Research N 
No. RN/2433, Road Research Laboratory, Depart 
ment of Scientific and Industrial Research (England 
Feb. 1955, 18 pp. 

These notes form a first interim report on 
an investigation into the flexural strength of 
The work was undertaken to obtain 
curves relating flexural strength and water- 


concrete. 


cement ratio, which could then be used i: 
proportioning mixes on the basis of flexural 
strength. 

Most of the tests were on 4 in. deep speci- 
mens but some 6 in. deep specimens wer 
included for comparison. 

Results are available of tests on concret: 
aged 7 days, 28 days,.and 3 months. Som« 
of the results from the corresponding 12 
Th 


main conclusion drawn from the earlier not 


month tests have also been obtained. 


that the more angular the aggregates th: 
higher flexural strength at 7 and 28 days 
at the age 
The proportional difference between flexural 


was Maintained of 3 months 


strengths obtained with a crushed roc! 
aggregate and a gravel aggregate was in fact 
at the age, 
tests at the age of 12 months indicate that 
the difference is still of the same orde1 
that age. 

It was also found that, for the same wate 
made 1% 
aggregate had lower compressive and flexurs 
strengths than concrete made with %4-i 
aggregate. 

The results are shown plotted against t! 


greater greater and results 


cement ratio, concrete with 


water-cement ratio for each aggregate. T! 
flexural strength increased considerably wit 
the angularity of the aggregate althoug 
there was comparatively little corresponding 
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rease in the compressive strength. At 


sent concrete mixes are proportioned to 
ve a specified compressive strength and 

can be obtained most economically (as 
irds cement content) by using a rounded 
aggregate. 
portioned on the basis of flexural strength, 


ivel If, however, the mix is 
seems appropriate for road and_ airfield 
rk, the 
hieved by using a crushed rock aggregate. 


greatest economy in cement is 


The notes also show how the data may be 


ised to proportion concrete mixes on the 
isis of flexural strength 


Effect of sulfite alcohol wash waters 
on concrete from pozzolan (in Russian) 
rT. G. Gryzepure and E. V. Lavrinovicn, Gidro- 
hnicheskoe Stroitel’stro, V. 23, No. 8, 1954, pp. 18-21 
Ceramic ABSTRACTS 

July 1955 (Kamich 


Sulfite aleohol wash waters act as an effec- 


tive plasticizer on mortars and concretes 


prepared from pozzolan portland cement. 


This effect is produced both by dispersion 
and air entrainment. Greatest air entrain- 
ment occurs when sand grains are predomin- 


intly 0.15 to 0.6 mm. 


Determination of the optimal water- 
cement ratio of concrete by electrical 
means 


Naray-Szano and G. SzuKx 


Institute for Building 
Research (Budapest), V. 3, 5 


No. 1-3, 1955, 10 pp 
Presents a preliminary report on research 
to develop a method for predicting finite 
values of the maximum strength for a given 
cement and the optimal water-cement ratio 
to produce this strength. The compressive 
strength and electrical resistance were plotted 
number of sands, sand-cement 


ior a moist 


mortars, and concrete mixes for varying 


amounts of water. In all cases reported the 
maximum compressive strength corresponded 
quite closely to an inflection point of the 


resistance curve. 


Permeability test on concrete using 
prismatic specimens (in Swedish) 


Meddelande No. 
ningsanstalt, Stockholm, 1954, 10 pp. 
AvuTHOR'’s SUMMARY 


Per NYCANDER, 112, Statens Prov- 


Swedish concrete standards for concrete 


permeability tests specify specimens con- 


sisting of solid cylinders or cylinders with 
brick cores. Both methods have their short- 
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comings and neither is 


The 


examined 


convenient. 
Institute 
other methods for determining the perme- 
ability of 


Government Testing 


concrete and resolved upon 
specimens consisting of solid prisms, measur- 
ing 25 x 25 x 12.5 cm, which are subjected 


The 


water pressure is applied to the face of the 


to a water pressure of 8 kg per sq cm 
specimen which was at the bottom during 
casting. The area upon which the pressure 
acts is limited by a rubber sealing ring with 
The 


considered impermeable if no 


concrete is 
the 
upper face becomes moist after a test period 
of 24 hr. 


Experimental results show that prismatic 


17 cm internal diameter. 


part ol 


specimens give considerably less dispersion 
in permeability ior a given type ol concrete 
The suit- 
ability of the prism as a specimen for com- 


than do other types of specimens. 


pressive strength testing has also been investi- 
gated Cubes of 20-cm edges of the same 
concrete showed 16 percent higher strength 
than the prisms. The dispersion in strength 


was about the same for cubes and prisms 


Effects of sea water on waterfront 
structures 
L. E. 


I S 


Srirrter, Jr., Civil Engineer Corps 
Navy, V. 9, No. 7, July 1955, pp. 


Bulletir 
18-21 


[Discusses the deterioration of concrete du 


to freezing and thawing, wave action, sea 


water, and loadings expected on waterfront 
structures. Gives 


precautions to. insure 


against premature deterioration in design, 


specification, and construction 


Investigation on the effect of placing 
temperature upon the strength of mass 
concrete (in Japanese) 

Transactions No b 


il Engineers (Tokyo 


Suun-Suke Takano 
Society ol Cis 


2 Japan 
May 1955, 55 py 


AUTHOR'S SUMMARY 


Describes the results of an investigation 
on the relations between placing temperature 
The author 
the 
properties of paste as related to temperature 
at the 


curing temperature. 


and strength of mass concrete 


investigated chemically and physically 


time of making cement 


The 


development of cement paste made at 


paste and 


rate of strength 
low 
was than 
that of cement paste made at high tempera- 


ture. 


temperature remarkably greater 


The relations between placing tempera- 
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ture and strength of concrete were examined. 
Placing of concrete at the lowest possible 
temperature above freezing point produces 
effect 
strength, and placing of mass concrete at 


a favorable on the development of 
low temperature not only reduces maximum 
temperature in the interior but also develops 
high strength at a later age, which conse- 
quently creates a more favorable condition fon 
avoiding temperature cracking. 


Structural research 


Research on highway bridge floors at 
the University of Illinois 1936-1954 
N. M. Newmark and C, P. Siess, University of JIlli- 
nois Bulletin, V. 52, No. 41, Jan. 1955 

Reports and reviews the research on high- 
way bridge floors from 1936 to 1954 carried 
Illinois 
Bureau of 


out under the sponsorship of the 
Division of 
Public 


of each 


Highways and the 
Roads. 
phase of the 


Includes brief descriptions 
investigation with 


references to the several publications in 
which the research methods and results have 
been reported. Object of the research has 
been to determine the behavior of reinforced 
concrete slabs under vehicle wheel loads so 
that rational design recommendations may 
The included mathe- 


matical analyses as well as tests on models 


be made. research 


and full-size bridge elements. 


A study of stepped concrete footings 


C. M. Crosrer, Bulletin of Engineering and Archi- 
tecture, University of Kansas, No. 33, 1955, 28 pp. 


Presents results of tests on model concrete 
footings supported on (clay) soil. Includes 
“Relative Performance 
Economy of Stepped and Flat Slab Single 
“Plain 
The principal observation was 


two reports: and 


Column Footings’’ and Concrete 
Footings.” 
that diagonal tension, calculated according 
to ACI 318-51 as high as 0.089 f,’, 
critical nor a primary cause of failure of the 
footings. (In comparing this observation to 
results reported ‘by Richart, ‘Reinforced 
Concrete Wall and Column Footings,’’ ACI 
JOURNAL, Oct. and Nov. 1948, some allow- 
ances for different concretes used should be 
made. In these tests, the coarse aggregate 
was a crushed limestone, in Richart’s, a rivet 
gravel.) A tentative conclusion of the study 
is that ‘“‘given footings designed as stated 
above (proportioned as those in the test), a 


was not 


February 19 


stepped type having top block width | 
that of the base, will require less mati 
yet support a greater load than will a 

slab type, all other factors being the sam 


Ultimate strength of axially loaded 
columns reinforced with square 
twisted steel and mild steel 
R. H. Evans and K. T. Lawson, The Structy 
Engineer (London), V. 33, No. 11, Nov. 1955 
335-343 
Reviewed by C. P. 8 

Tests are reported on 64 columns, 8 to 12 
Differed fron 
Hajnal-K6nyi_ principal 


in. square and 48 in. long. 
previous tests by 
in that tie spacing was 8 in., the maximum 
Ultimat 
load of columns with twisted steel and maxi 


permitted by code, in most cases. 


mum tie spacing could be expressed as sun 


of concrete and steel capacities with th 


maximum steel stress equal to 54,000 psi for 
bars with 60,000 psi proof stress (at 0.005 


strain). Columns reinforced with 


steel attained 


twisted 
higher strains between first 
visible cracking and ultimate load. 


Load tests on a three-story reinforced 
concrete building in Johannesburg 


A. J. Ockuieston, The Structural Engineer (London 


V. 33, No. 10, Oct. 1955, pp. 305-323 

The tests reported were made on portions 
of a 10-year old reinfgrced concrete building 
The deflections 
within the 


scheduled for demolition 


and strains for loads working 


range were almost always less than thos 


methods a: 
generally agreed with those calculated on thy 


estimated by normal design 
assumption that the concrete was uncracke: 


(most slabs were rather lightly reinforce: 
0.2 percent). 
Ultimate loads for failure due to bending 
or to diagonal tension greater thai 
The plasti 


satisfactory est 


were 
design methods would suggest. 
theories gave reasonably 
mates of ultimate loads where failure wa 
due to bending in one direction but unde: 
estimated considerably the strength of rei 
forced slabs failing as a result of bending 

Tests 


load at the top of three-story frames, bot! 


two directions. included horizont 


bare and filled with brick panels; unifort 
loads on one-way slabs, two-way slabs; tw 

point load tests on beams; and punching 
shear 
are that plastic theories predict the ultimat 


tests on the slabs. The conclusio: 
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that these 
underestimate the 


is of beams consistently but 
ries consistently 
ngth of lightly reinforced slabs, indicating 

the strength of the 
luences their behavior at failure 


tensile concrete 
(n additional significant conclusion is that 
ultimate strength of beams which failed 

result of diagonal tension was much 
higher than normal design methods would 
suggest afd the usual requirement (usual in 
British practice apparently) that the shear be 
the 
unduly conservative 


esisted by web reinforcement alone 


ippears to be 


General 


Flexibility characteristics of sheet pile 

walls 

P. Ww 
N 


Structural Enginee London Va 
150-158 


AuTHOR's SUMMARY 


Rowen, The 
». 5, May, 1955, pp 


Recent research has shown that flexibility 
wall 


Flexural properties of steel, reinforced con- 


is desirable for sheet pile sections. 
crete, and prestressed concrete sections are 
studied, to the 


moment oO 


determine most flexible 


section for a given resistance 
General relationships between unit moment 
of resistance and the flexibility number of the 
the 


working stress, vield, and ultimate failure 


piling are developed for condition o 


Suspension roofs (in Dutch) 


A. M. Haas, Cement V. 7, No. 1-2, Felt 
1955, pp. 18-29 


Amsterdam) 


Reviewed by Joun W. T 


. Van Er 


Summarizes contents of a book by 
Otto (Bauwelt Berlin). 
amples of shell roofs are given whereby the 
shell the 
membrane is in compression, either by ex- 
ternal forces, by 
or both. 


recent 


Frei Verlag, kix- 


membrane is in tension or where 
prestressed reinforcement, 
tesults are extremely light concrete 
thick) 


shells (down to 0.8 in of considerable 


span 


Structural success or failure? 
Tacos Fexp, Proceedings, ASCE, V. 81, Separate No 
632, Feb. 1955 13 pp. $0.50 
AuTHOR's SUMMARY 
\ few typical examples of structural dis- 
tress are described with the cause and cor- 
rection generally described. 
such troubles is rather simple and inexpensive, 


Avoidance of 


correction is usually complicated, time con- 


suming, and costly in both monev and 
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reputation. Valuable lessons can be learned 


from impartial descriptions of structural 


failures, not only the few spectacular col- 


lapses but also from the many “‘inecidents’’ of 
nonconformity with expected action 
Compilation of such data is a necessary: 
phase of the obligations of technical societies 
to their membership and should be under- 
taken as a service both to its membership 
and to the public as a professional duty 
In closing, the writer suggests the formation 
committee to act as an 


of a investigating 


medium of all structural “‘incidents’’ not 


consistent with the expectations ol 
the 
make public reports of their findings so that 
the the 


sufficiencies which may separate failure from 


recog 


nized design procedures, with duty to 


all may learn lessons of small .in- 


success 


Handbook for cement engineers) (Rat- 
geber fiir Zementingenieure) 


Orro Lasann, Bauverlag GMBH, Wiesbaden 


124 pp 


1954 


Reviewed by H. H. Werner 


\ pocketbook on all phases of cement 


manufacture written by a practical enginee! 
for the engineer and technician in the cement 


mill 


Concrete tunnel 
deflections 
W. G. Morison and W. D. Houston, Research Ne 


Ontario Hvydro-Electriec Power Commission, V. 7, N 
3, July-Sept. 1955. pp. 1-4 


lining stresses and 


Stress measurements undertaken to pro 


vide information on the behavior of cast-in- 


place tunnel lining both during and after its 


construction Information was sought on 


the effects of pressure grouting rock squeeze 


filling of the tunnel with water, and long- 


time subjection to constant full loads. Stress 


and strain measurements were made and 


tvpical maximum = stress patterns wert 


cle veloped 


Testing concrete by an_ ultrasonic 
pulse technique 

R. Jones and E. N. 
nical Paper No. 34 
dustrial Research 

land, 1955, 50 py 


GaTFIELD, Road Research Tech- 
Department of Scientific and In 
Road Research Laboratory, Eng 
$0.65 

A study was made of various factors such 
as age, nature and proportions of the mix, 
moisture content, and the presence of mild 
steel reinforcing bars on the transit time of 
the The 


the pulses between transducers 
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effect of these factors on the ultrasonic testing 
technique is discussed. One of the advan- 
tages of the method is that it can be applied 
to concrete in place to detect any deteriora- 
tion due to weakness or poor compaction. It 
can be applied to such structures as pre- 
stressed units and reservoir walls. Examples 
are given of practical applications. The use 
of the ultrasonic technique for testing road 
surfaces is also dealt with. This involves the 
use of reflection, the sound pulse being thrown 
back from the lower boundary of the slab. 
The method can only be used satisfactorily 
when the under side of the slab is relatively 
smooth 


Three experiments in one house—an 
experiment in space, an experiment in 
structure, and an experiment in ma- 
terials 

House & Home, V.7, No. 2, Feb. 1955, pp. 164-169 


Describes the design of an architect’s house 
in concrete. Of particular interest is the 
“experiment in structure’’ referred to in the 
title. 
precast cone-shaped roof covering a circular 
This cast on the 
ground and formed by earth fill topped with 
mortar. 


The featured structural element is a 


living room roof was 


Domestic and foreign research on con- 
struction equipment and operations 
(Baumaschinen- und Baubetriebsfor- 
schung im In- und Ausland) 


Grore Garsorz, Der Bauingenieur (Berlin), V. 29 
No. 4, Apr. 1954, pp. 113-120 
Reviewed by Anon L. Mirsky 


Review-type article summarizing (in text 
and chart form) results of investigations on 
various types of equipment and processes for 
concrete and asphalt highway pavement 
construction, soil compaction, and other jobs. 
In the case of concrete paving, effect of type 
of mixer, duration and order of mixing, water- 
cement 


cussed. 


ratio, and other variables are dis- 


High-frequency vibration of concrete 


R. pes Graviers, Techniques Francaises (Paris), V. 3, 
No. 3, Mar. 1955, pp. 35-37 


Describes research indicating a need for 
Ap- 
parently, specifications and usual practice 


development of high-speed vibrators. 


in French construction now requires rates of 
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vibration two to four times that of Amer 
and German equipment. The principal ben: 
of the high-frequency vibration seem to 
improved impermeability and reductior 
cement requirements for a given strengt} 
Illustrations show the effect of this vibrat 
on an extremely harsh concrete composed | 
angular, gap-graded aggregates. 


Underground hospital shelters. |. 
General viewpoints for planning and 
security against bombing. Il. Ven- 
tilation and air-conditioning (Unter- 
irdische Krankenhaus-Schutzbauten. 
1. Allgemeine Gesichtspunkte zur 
Planung und Bombensicherheit. II. 
Lueftung und Klimaregelung) 

H. H. Kress, VDI Zeitschrift (Duesseldorf) V. 97 

No. 8 and 14, 1955: Mar. 11, pp. 243-248; May 11, py 


429-434 


Aron L. Mirsk 


Reviewed by 
Both a result of, and a commentary on, th 
state of Various 
arrangements of a self-contained underground 


present world affairs. 
facility with beds for 2655 persons (wounded 


nurses, ete.) are considered, including con- 
struction details, costs, and points requiring 
special consideration for safety against effects 
of bombing. Second article discusses topics 


named in subtitle 


Houses that research built—tift-slab 
roof floats on six column supports 
Architectural Record, V. 117, No. 4, Apr. 1955, | 
190-193 

Although lift-slab construction has beer 
used on commercial and industrial buildings 
and a few high-priced homes, this is probab 
the first attempt in low-cost housing. The 
house has 1624 sq ft. 
it might be economical for ten or more hous« 


tesults indicate tha 


It is conceivable that one control system ma 
lift the roofs of several houses simultaneous! 


Stabilizing the Mississippi's banks 
with articulated concrete mattresses 


Joun Gooprun, World Construction, V. 8, No 


May-June 1955, pp. 40-41, 44 


Describes the latest method and det 
of precast segmental construction used 
armor the Mississippi’s levees. The mattr: 
is composed of sections precast by producti 
line methods at centrally located sites 


sembled on the bank and placed by barg 





Title No. 52-44 


Properties of High-Density Concrete 
Made with Iron Aggregate’ 


By HAROLD S. DAVIS,+ FREDERICK L. BROWNE,t 
HARRY C. WITTERS 


SYNOPSIS 


Data are presented on the physical properties of several types of mortar 
and concrete made with iron-bearing aggregate for use in radiation shields. 
Heavy aggregates used in this investigation included steel punchings, fine 
steel shot, ferrophosphorus, magnetite, and limonite. 

Concrete made with natural heavy aggregates had densities of from 185 
to 225 lb per cu ft. One type of concrete made with steel punchings and 
limonite weighed 273 lb per cu ft. Both the prepacked method and con- 
ventional methods were used for fabricating concrete specimens. The results 
of tests performed on several types of heavy mortars made with fine sand are 
also reported. Data obtained at elevated temperatures are presented, as well 
as data obtained from standard tests on aggregate, concrete, and mortar. 

The data and experience obtained during this investigation demonstrate that 
concrete suitable for radiation shields can be made with iron-bearing aggre- 


gates by either the prepacked or conventional methods of construction 


INTRODUCTION 


Associated with the development of nuclear power has been the develop- 
ment of concrete shields to protect personnel from nuclear particles and 
radiations. Conventional concrete weighing about 150 lb per cu ft is usually 
the cheapest type of shielding concrete. However, it is often desirable to 
use concrete of greater density to reduce shield thickness. When attenuating 
gamma radiations only, maximum density is the prime consideration and 
shield thickness can be reduced in almost the same proportion as the density 
is increased. In some applications, however, it is necessary to attenuate 
neutrons as well as gamma radiations. To slow down fast neutrons, the 
concrete should also contain light material, such as hydrogen. Since maximum 
density is incompatible with maximum hydrogen content, a compromise 
between density and hydrogen content must be made to obtain the proper 
composition for attenuating both gamma radiations and fast neutrons. The 


*Received by the Institute Jan. 27, 1955. Title No. 52-44 is a part of copyrighted JourNaL or THE AMERICAN 
Concrete InstiruTe, V. 27, No. 7, Mar. 1956, Proceedings V. 52. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than July 1, 1956. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

tMember American Concrete Institute, Engineering Department, General Electric Co., Richland, Wash. 

tNorth Pacific Division Laboratory, Corps of Engineers, Troutdale, Ore. 

§Member American Concrete Institute, Senior Design Engineer of Soils, Skidmore, Owings, and Merrill, Colorado 
Springs, Colo. (formerly of North Pacific Division Laboratory, Corps of Engineers). 
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compositions of the various types of high-density concrete described in this 
report are consistent with these latter requirements. * 

The tests described were conducted during 1951-54 at the University of 
Washington in Seattle and at the North Pacific Division Laboratory of the 
Corps of Engineers in Troutdale, Ore. This work was planned and instigated 
by the General Electric Co. as part of its development work on new shielding 
materials for the Atomic Energy Commission. These tests supplemented 
development work performed at the Hanford Atomic Products Operation by 
General Electric Co. and were designed to obtain data on the properties of 
aggregates, mortars, and concrete being investigated at Hanford for con- 
structing new shielding structures. Tests and mix proportions were specified 
to meet certain density, composition, and design requirements. Thus, the con- 
clusions which can be based upon the reported data are limited to defining 
the properties of the specific types of aggregates and concrete investigated. 
Certain trends are indicated; however, additional studies are required before 
definite conclusions can be drawn as to the effect of factors such as aggregate 
fineness and high temperature exposure on the physical properties of these 
concretes. 

The heavy aggregates used in this program are representative of some of 
the best available in the western United States from the standpoint of desired 
composition, density, or suitability for use in concrete. It is recognized that 
some of these aggregates would not be acceptable for use in concrete exposed 
to excessive weathering or to abrasive forces. However, they are acceptable 
for use in shielding structures not subjected to these conditions. Magnetite 
and limonite are used because of their high density, availability, and general 
acceptability for use as concrete aggregates. Barite has not been used at 
Hanford since magnetite of greater density and strength may be procured 
for about half the cost of western barite. Goethite, often referred to as limo- 
nite, is somewhat lighter than magnetite, but contains 10 to 12 percent water 
of crystallization. Iron has excellent density as well as being a good absorber 
of thermal neutrons. The water of crystallization in the limonite and goe- 
thite is a reliable source of hydrogen as long as the temperature does not 
exceed about 200 C. 

Concrete made entirely with aggregates processed from the heavier limonite 
ores has a density of about 190 lb per cu ft and a high water content of 17 to 
20 Ib per cu ft at 85 C. Prepacked concrete having a density as high as 
245 lb per cu ft can be made with magnetite aggregates; the water retained 
at 85 C in magnetite concrete is about one-third of that retained in concrete 
made with limonite ores. Higher concrete densities can be obtained by using 
steel aggregates in place of some of the natural aggregates, but in general, 
the high cost of steel aggregates, such as shot, sheared bars, and punching= 
precludes their use in most applications. Including cement, the cost 0! 
materials for concrete made with magnetite and limonite will cost about $2 


*Some limited data on the shielding properties of concrete made with magnetite and limonite are presented 
references 1 and 2. 
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r cu ft; whereas concrete having a density only 20 percent greater, made 

th steel aggregates and limonite, may cost six times as much. 

For shielding applications, it is desirable to know the water content, thermal 

nductivity, shrinkage, coefficient of expansion, and structural properties 

ider operating conditions and at elevated temperatures. The test program 

the North Pacific Division Laboratory was designed to obtain as much of 
this information as possible from a limited number of tests. In addition to 
performing structural tests under standard conditions, some of the concrete 
specimens were heated at 85 C and then broken; mortar cubes and bars were 
heated at 85, 200, 350, and 600 C. 


INVESTIGATION OF MATERIALS 


Samples of heavy aggregates were from Hanford stockpiles. Table 1 
gives data on the various heavy aggregates. Except for Montello goethite 
and certain mortar sands which were processed at the North Pacific Division 
Laboratory, materials were used in the ‘‘as received’’ condition. James and 
Dillon grout sands are described as ‘‘ground”’ sand; actually these sands are 
crusher fines with the coarse material removed. Except for steel shot, the 
other grout sands were prepared at the North Pacific Division Laboratory 
by grinding crusher fines in a rod mill. Four samples of heavy aggregate 
are shown in Fig. 1. 


TABLE 1—DESCRIPTION OF HEAVY AGGREGATES 


Laboratory No. 
Size or fineness 
Percent retained 
water at 85 C 


modulus 
Percent silica* 


Material 

Fine 
aggregate 
Grout sand 
Name of 
absorption 
Unit weight 
Percent iron* 


James James Mine 
James Mich 


James 


Montello Copper 
Montello Mountain 
Mine, Utah 


Wenatchee | Vancouver 
8., } 


Dillon Montana 
Dillon 


Magnetite 


W oolsey Nevada 

Dodge Nevada 

Steel Punchings 
& sheared 
bars 


Steel shot 8-110 


4785 < Ferrophos- | Victor 
phorous Chemical 


Iron products 


*] rom data obtained at Hanford Atomic Products Operation 
tSee Table 11 for this information. 
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Coarse magnetite, Wenatchee, Wash. Montello limonite-geothite coarse aggregate 


Fig. 1—Heavy aggregates 


Grading analyses for the heavy aggregates are summarized in Table 2 
Spectrochemical analyses are presented in Table 3. Results of tests to 
determine weight lost by heating samples of aggregates at elevated tempera- 
tures are given in Table 4. Samples of steel shot, ferrophosphorous, and 
magnetite oxidized at increased rates above 500 C resulting in reduced weight- 
loss at these higher temperatures. 

Results of chemical tests for reactivity of aggregates with sodium hydroxid 
are shown in Fig. 2. These data indicate these aggregates to be innocuous. 
The reactivity tests were performed in accordance with ASTM C 289. The 
specific gravities reported in Table 1 are bulk specific gravities based upon 
the saturated surface-dry condition. Specific gravities and absorptions 
were determined in accordance with ASTM C 127 for coarse aggregates and 
ASTM C128 for fine aggregates. The sands were subjected to heating 
periods of 7 days each at progressively higher temperatures of 85, 200, 350 
and 600 C. Weight change in percent after each period is based upon thie 
original oven-dry weight at 100 C for each sample. These 7-day heating 
periods are longer than necessary to bring the samples to constant weight 
at a given temperature; however, in these tests an attempt was made 
duplicate heating conditions used in the mortar tests. 

Type II cement was used and was furnished in two lots. Lot 1 was us: 
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TABLE 2—GRADING ANALYSES* 


Limonite-goethite Magnetite Iron products 


James Mine Montello Wenat- Dillon 
chee Steel Steel Ferrophos 
; aggre-| shot phorous 


Grout Grout Grout gate 
Coarse | Fine | sand | Coarse sand | Coarse! Fine | sand 
4419 4420 4421 4935 1935 4422 $423 4424 $425 5181 4785 


n. 8 .§ 

in §1.% : 32 100.0 
bo in 
, in. 
No. 4 
nus No. 4 


S. No. 
1-8 
8-16 
16-30 
0-50 
50-100 
100-200 
200—-Pan 


*Percent retained between two screen sizes 


TABLE 3—SUMMARY OF SPECTROCHEMICAL ANALYSES+ 


James Montello Wenatchee Dillon W oolsey 


Element limonite limonite magnetite magnetite magnetite 


Ag ° 

Al I M M M M 
As M 

B ry * I 1 
Ba T M I 
Re 4 

Bi 

Cc 


Meaning Approximate concentration 


Strong Greater than 1 percent 
Moderate 1 percent to 0.01 percent 
Trace Less than 0.01 percent 
Interference 

Element not detected 


Data obtained at Hanford Atomic Products Operation 
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in coneretes A, B, C, and E and mortar No. 4656. Lot 2 was used in con- 
cretes D and F and in all mortars except No. 4656. Physical characteristics 
of the cement are tabulated in Table 5. 


HIGH-DENSITY CONCRETES 


Arrangements were made for the University of Washington to test five 
conventionally-placed concretes and for the North Pacific Division Laboratory 
to test four prepacked and two conventionally-placed concretes.* This 
report describes primarily the work performed at the North Pacific Division 
Laboratory since the University of Washington program is described else- 
where.* 

Data on the composition and water retained by the six concretes tested 
at the North Pacific Division Laboratory are summarized in Table 6. For 
comparative purposes, similar data are presented in Table 7 for concretes 
tested at the University of Washington. In the latter series, a cement content 
of 9 to 10 bags per cu yd was used to increase the total water retained in these 
conventionally-placed mixes. Contrary to ordinary practice, the cost of 
portland. cement for high-density concretes may be less per unit volume than 
the cost of aggregate. 


Description of concretes investigated 


Concrete A: TIron-limonite concrete placed by prepacked method—Coarse aggregate, in th 
ratio of 150 lb of iron coarse aggregate (No. 4425), 65 lb of James Mine coarse limonite (No 
$419), was uniformly mixed and distributed in the specimen forms. Before grouting, th 
dry, mixed aggregates had a density of 210 + 4 lb per cu ft as paeked in place. 

The grout contained the following proportions by weight: 1 part Type IT cement, 1.28 
parts James Mine ground limonite aggregate (No. 4421), 1.5 percent of an ‘intrusion aid 
by weight of cement, and a water content which provided a water-cement ratio of 0.58 


TABLE 4—WEIGHT CHANGE OF Concrete B: Magnetite-limonit concrete 
MORTAR SANDS DUE TO HEATING placed by pre packed method Coarse agg! 
AT ELEVATED TEMPERATURES gate, in the ratio of 65 lb of James Mir 


coarse limonite (No. 4419) and 85 lb 
Wenatchee coarse magnetite (No. 4422), 


= 
‘ 


‘ “se . . . . 
Initial \days jdays | days uniformly mixed and distributed in the sp 
eee — aE ~~ men forms. Before grouting, the dry, mis 
Cc Cc aggregate had a density of 152 + 3 lb per 
per- | per- : : . 
cent | cent | ce cu ft as packed in place. 
Ottawa sand 300 | —0 ; The grout was the same as used in concret 
James limonite 300 | -—0 3.51 —8 
Montello limonite 300 | —0 —0.: 5 A. 
Dillon magnetite 300 | -—0 
Dodge magnetite 300 |—0 ; Concrete C: Magnetite-iimonite con 
Woolsey magnetite 500 |—0.1 : ( ’ ad 
Steel shot (S-110) 500 0 +0.5\4+21.6 placed by conventional method —The 


coarst 


aggregate was Wenatchee magnetite (\ 


4422). The fine aggregate was a combination of Dillon fine magnetite (No. 4423) and Jat 


*As used in this report, ‘‘prepacked”’ concrete refers to concrete made by (a) preplacing aggregates in the { 
and then (b) filling the void spaces in the prepacked aggregates with a special grout. ‘‘Conventionally-pla 
concrete refers to concrete in which all ingredients are mixed together first and then placed in the forms by 
ventional methods. 

tA special grout admixture designed to impart to grout the properties of a colloidal suspension, improve | 
ability, retard time of set, and minimize setting shrinkage. 
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—— LINE INDICATING GENERAL SEPARATION 
BETWEEN “INNOCUOUS” (LEFT) AND 
“DELETERIOUS” (RIGHT) AGGREGATES 
LEGEND 
+ + ttt 
t James Mines 
Limonite 
Montello 
Limonite 
Dodge Magnetite 
Woolsey Nevada 


mM 


ALKALINITY, 


IN 


RE DUCTION 


DISSOLVED SILICA, mM/LITER, Sc 


Fig. 2—Reactivity of aggregate with sodium hydroxide 


Mine fine limonite (No. 4420). The mix was proportioned so that 25 percent by weight of 
total aggregate was limonite and 75 percent was magnetite. The sand, which was a blend of 
one part by solid volume of fine magnetite (No. 4423) and six parts of fine limonite (No. 4420), 
composed 35 percent of the solid volume of the total aggregate. (See Table 6 for corresponding 
aggregate weights.) The mix had the following characteristics: (1) slump—2%4 in.; (2) an 
content—1.4 percent; (3) unit weight—218 lb per cu ft; (4) cement factor—7 sacks per cu yd 
and (5) W/C by weight—0.54. One lb of a concrete densifier per sack of cement was used in 
this mix 


Concrete D: Limonite-magnetite concrete placed by conventional method—The coarse aggregate 
was a blend of Wenatchee magnetite (No. 4422) and James Mine limonite (No. 4419) in the 
proportion of 55 to 45 percent of the solid volume of the coarse aggregate. The sand was 
Dillon fine magnetite (No. 4423) and was batched so that it constituted 35 percent of the 
solid volume of the total aggregate. The mix was proportioned so that 25 percent by weight 


of total aggregate was limonite and 75 percent TABLE 5—PHYSICAL 
was magnetite. (See Table 6 for correspond- CHARACTERISTICS OF CEMENT 


ing aggregate weights.) The mix had the 
j sharacternatics: : 93 
lollowing characteristics: (1) slump 5 ‘4 Portland cement Lot 1 Lot 2 
in.; (2) air content—1.1 percent; (3) unit ype If 23 sacks | 20 sacks 
weight—217 lb per cu ft; (4) cement factor Fineness by the Blaine meter 
7 aanke ~~ a ~ rug ce ASTM C 204), sq cm per g 3180 
7 sacks per cu yd; and (5) W/C by weight Sects tian, Sebeiinre euaa 
(0).47, sion (ASTM C 151), per- 
cent change +0.016 +O. O14 
Concrete E Limonite-magqnetite concrete Time of set, Gillmore Initial 4 hr 20 min 4 hr 30 min 
” eis ASTM C 266 Final 7 hr 6 hr 45 min 
i aced by prepacked method This concrete Mortar air content (SS-C 
158C, par. 4.4.9), percent 3.4 3.7 
: ~ ‘ Compressive strength (ASTM 
contained Dillon ground magnetite sand (No. C 109), psi — 1282 1641 
P ‘ 7-day 1993 1720 
1424) rather than the James Mine ground 28-day 3563 4733 
li ite as Tensile streneth (ASTM 
monite sand C 190), psi “gine 200 268 
ah . , . 7-day 380 303 
rhe grout contained the following propor- 28-day 162 545 
tions by weight: 1 part Type II cement, 2.13 


parts ground magnetite aggregate which had 100 percent passing the U.S. Standard No 


was similar to concrete B, except the grout 
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TABLE 6—COMPOSITION OF CONCRETES INVESTIGATED AT 
NORTH PACIFIC DIVISION LABORATORY* 


Placing method Prepacked Conventional Prepacked 
} 


Concrete No. d B C 
Coarse aggregate 

Steel punchings 

James limonite 

Wenatchee magnetite 

Woolsey magnetite 

Montello limonite 


Fine aggregate or grout sand 
James limonite 
Dillon magnetite 
Montello limonite 


Portland cement 

Admixture (intrusion aid or 
concrete densifier 

Initial mix water 


Wet density 


Bags of cement per cu yd 5.83 f 
Initial water-cement ratio 0.58 0.5 4 

Iron content 201.6 106 ( ‘ 111.7 
Fixed water content, lb at 85 Ct 11.70 11.81 9.! 9.¢ 10.01 


*Values are in lb per cu ft of concrete except for bags of cement and W/C ratio as noted. 

tAmount of water retained in hardened cement paste taken as 0.20 of the weight of cement. Percent iron and 
water retained from 85 to 600 C expressed as percent of initial weights at 85 C are given below for limonite and 
magnetite aggregate. 


Limonite Magnetite 


James Montello Wenatchee Woolsey 


Percent water : 11.0 0.5 
Percent iron 5 55 62 61 


mn 
4 
4 
: 


TABLE 7—COMPOSITION OF CONCRETES INVESTIGATED 
UNIVERSITY OF WASHINGTON* 


Type l 2 3 $ 


Placing method Conventional Conventional Conventional Conventional Conventiona 


Concrete description Iron- Limonite Limonite- Magnetite Hanford 
limonite magnetite aggregate 
Coarse aggregate 
Steel punchings 149.2 
James limonite 
Dillon magnetite 
Hanford gravel 


Fine aggregate 
James limonite 
Dillon magnetite 
Hanford sand 


Portland cement 
Concrete densifier 
Initial mix water 


Wet density 


Bags of cement per cu yd 9.9 
Initial water-cement ratio 392 


Iron content 0 
Fixed water, lb at 85 Ct 2.59 


*Values are in lb per cu ft of concrete except for bags of cement and W/C ratio as noted 
tSee water contents for materials listed in Table 6. 
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, 1.5 percent of an intrusion aid by weight of cement, and a water content sufficient to 
vide a water-cement ratio of 0.57 by weight. 
oncrete F: Magnetite-limonite concrete placed by prepacked method—This concrete was 
lar to concrete B, except that grout sand and coarse limonite was processed from limonite- 
thite ore (No. 4935) from Copper Mountain Mine, Utah, and the coarse magnetite (No 
i818) was from Woolsey, Nev. 
Coarse aggregate, in the ratio of 25 lb of coarse limonite and 135 lb of coarse magnetite 
s uniformly mixed and distributed in the specimen forms. Before grouting, the dry, mixed 
weregate had a density of 146 + 3 lb per cu ft as packed in place. 
The grout had the same proportions as that used in concrete A. 


Tests performed on concretes 


To obtain the prescribed void content of the coarse aggregate for the pre- 
packed concrete, each type of aggregate for each mold was weighed before 
packing. In certain cases it was necessary to repack the molds several times 
so that the weighed aggregates would fit into the molds. All molds were 
sealed with vented top plates and then grouted. Specimens were cured in the 
molds for 24 hr after which time the molds were removed and the specimens 
placed in the moist room for the balance of the 28-day curing period. 

Conventionally-placed concrete was batched in 5-cu ft batches and mixed 
ina Koehring 9-cu ft laboratory type, tilting drum mixer. The fresh concrete 
was consolidated in the molds by a laboratory type vibrator which vibrated 
at the rate of 7500 cps. Specimens were cured for 24 hr in the molds and in 
the curing room at 100 percent relative humidity and 23 C for the balance of 
the 28-day curing period. 

After the 28-day curing period, specimens were stored in laboratory air at 
approximately 23 C and 50 percent relative humidity until they were 90 days 
old. Beam specimens were then placed in an oven at 85 C for an additional 
28 days. Modulus of rupture (ASTM C78), modified-cube compressive 
strength (ASTM C 116), dimensional stability (CRD C-25),* and coefficient 
of thermal expansion (CRD C-39) tests were performed on the beams. The 
latter tests were performed on a temperature range of 35 to 135 F. Each 
reported value represents the average of tests on three or more specimens 
except for the diffusivity test (CRD C-37) which was determined on a single 
2-ft cube for each type of concrete. 

A summary of test results for the six concretes tested at the North Pacific 
Division Laboratory are presented in Table 8. Comparative data on the 
physical properties of the five conventionally-placed concretes tested at the 
University of Washington are given in Table 9. Values of specific heat 
CRD C-37), diffusivity, and conductivity are presented in Table 10. 


INVESTIGATION OF HIGH-DENSITY MORTARS 
Scope 


The program at the North Pacific Division Laboratory also included tests 


to determine the physical properties of mortars made with heavy aggregates. 


CRD specification number from Handbook for Concrete and Cement, Corps of Engineers, U. S. Army 
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TABLE 8—SUMMARY OF TESTS ON HIGH-DENSITY CONCRETE 


! | B ( E | | 
Placing method Prepacked Prepacked | Conventional) Conventional) Prepacked Prepac 


Aggregate: Coarse Iron- Magnetite- Magnetite Limonite- Limonite- Limon 
limonite limonite magnetite magnetite magne 
Fine Limonite Limonite Limonite- Magnetite Magnetite Limor 
magnetite 
Cement factor, sacks per 
ecu yd 5.87 5.8 7 5.53 


Water-cement ratio, by 
weight 


Unit weight, tb per cu ft 
of grout 
of concrete 


Consistency: flow in sec 
slump in in. 


Air content, percent: 
in grout 
in concrete 


Percent voids in packed ag- 
gregate (Prepacked only) 


Unit weight of hardened 
concrete, lb per cu ft 


Compressive strength, 
6 x 12-in. cylinders, 

7 days 2210 ; 3800 : 2920 

28 days 3180 : 5730 ¢ 4640 

90 days 3660 : 6940 f 4900 


Modulus of rupture, 
6 x 6 x 24-in. beams, psi 
28 days 
90 days 
After 28 days at 85 C 


Modified cube compressive 
strength, ends of 6 x 6 
x 24-in. beams, psi 
28 days 6000 55 3940 
90 days 6600 2 5520 
After 28 days at 85 C 5880 3900 


Bond strength, 34-in. de- 
formed bar, 8-in. cube, 
psi. Ultimate and initial 
slippage at free end of bar 

28 days) Initial 

90 days/ 0.0001 in. 
28 days\,.,.. 

90 days | Ultimate 


Dimensional stability, 
length change, percent, 
6 x 6x 24-in. beams 
3 days 0.005 002 0.002 ool 0.003 
7 days 0.004 001 0.002 003 0.004 
14 days 0.004 001 0.002 002 0.004 
28 days 0.004 003 0.005 003 0.007 
60 days 0.013 014 ~0.010 -0.013 0.008 
90 days —0.013 ~0.023 —0.018 020 —0.014 
After 14 days at 85 C 0.016 020 —0.031 - 025 —0 .020 
After 28 days at 85 C —0.016 —0.029 —0.035 —0.030 —0.021 


Coefficient of thermal 
expansion, in. per in. 
per deg C: 
Before heating at 85 C | 1.07 kK 10" | 0.89 xk 10% 1.00 K 10° | 0.99 XK 10° | 0.82 XK 10- 
After heating at 85 C 1.01 K 105) 1.01 XK 104 | 0.87 X 10 | 0.94 XK 10° | 0.86 XK 10° 


Modulus of elasticity, 
6 x 12-in. cylinders, 
psi X 10-6 
7 days at 1000 psi stress 3.39 
2000 psi stress 2.99 


28 days at 1000 psi stress 5.8: 22 
2000 psi stress 3.81 
3000 psi stress 


90 days at 1000 psi stress i 3.18 
2000 psi stress 2.95 


3000 psi stress < 2 67 





HIGH-DENSITY CONCRETE 


TABLE 9—PHYSICAL PROPERTIES FOR CONVENTIONALLY-PLACED 
CONCRETES TESTED AT UNIVERSITY OF WASHINGTON 


Type l 2 3 1 5 


Description Iron Limonite Limonite- Magnetite Hanford 
limonite magnetite aggregates 


ressive strength, 3710 4120 4900 1610 5560 
« 12-in. cylinders, psi 25 5580 5865 5810 6060 8870 


julus of rupture 520* 580 660 RRO 875 

x 6 x 24-in. beams, psi 28 645 700 785 925 1005 

ensional stability 0.014 0 0.013 0.004 0.009 

x 3 x 11-in. bars 0.014 0 0.014 0.005 0.009 

reent Ss 0.019 0 } 0.016 0.007 0.011 
0.020 0 0.016 0.010 0.012 
0.021 

pressive strength, psi 

st cured until tested 5880 

iried after 90 days 53504 

dulus of elasticity 5.90 

()-6 


si X 1 6.90 


*At 8 days 
tCured in water 90 days and then laboratory air. 


Sand passing the No. 16 screen was used since it was planned to use some of 
these sands in grout for prepacked concrete. Table 11 summarizes test data 
from this investigation. Included are results for mortars made with magne- 
tite, limonite, ferrophosphorus, and fine steel shot. A mortar made with 
Ottawa sand is also included to provide a basis for comparing test results 
with a reference mortar. The results of tests with mortars performed at the 
University of Washington are summarized in Table 12. These mortars were 
made with coarser aggregates than those used at the North Pacifie Division 
Laboratory. 


Test procedures used at North Pacific Division Laboratory 


The batch weights used in the mortars and grouts are tabulated in Table 11. 


The prepacked grout was mixed in a small grout mixer. Consistency was 


TABLE 10—THERMAL PROPERTIES 


Concrete type Prepacked Conventionally-placed 


B G D 


Speciie heat (c) 

Mortar 

Steel agzregate 

Limonite coarse aggregate 

Magnetite coarse aggregate ’ 4 0.16 
Concrete é - - - 0.19 
Density (d) 7: »9 2 »22 210 
Diffusivity (h2) 0.056 034 3 3 0.0350 


Conductivity* (k) 2.75 1.48 1.60 3 1.20 


*These values were obtained from the following relationship 
sq ft Btu Ib Btu 
x = 
hr lb X deg I cu ft ft X hr X deg | 
The above data ¢ yrrespond to a temperature range of 60 to 100 I 
Diffusivity specimens were cubes, 2 ft high. 


k Aicd= 
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TABLE 11—SUMMARY OF TESTS ON HIGH-DENSITY MORTARS 


Mortar or grout No. 


Specimen Age, 
storage days 4847 5127 4746 5125 


Aggregate Ottawa James Montello Monte 
sand Mine limonite limonit 
limonite (Conere 


Plastic mortar data 
Air content, percent 
Unit weight, fb per cu ft 
Consistency: flow in 
percent 
flow in sec 


Batch weights, Ib 
Sand (SSD) 
Cement 
Water 
Intrusion aid 


Water-cement ratio, by 
weight 


Sand grading, percent 
passing 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 


ib b Lala hk ee 


Average weight of ten 
2x 2x 1114-in. test 
specimens, g 


Weight change, percent Water 
Water 
Water 
Lab. air 
85 C ie 3.2 
200 C 12.3 
350 C 7 y 20 .§ 18 
600 C : —1: —2: —20 


Length change, percent Water \ 0.014 0.020 
Water 2 0.021 0.028 
Water 2 5 0.026 
Lab. air 75 -~0.078 
85 C 5 0 157 
200 C x 0.567 
350 C -1.2 l 
600 C 


Dynamic modulus of elas- 
ticity, psi X 10 Water 14 
74 


» 


Water 
Water 


Lab. air 56 80 

85 C 4.07 
200 C 3.29 
350 C 2.20 
600 C 72 


Modulus of rupture, psi 28 1209 
289 


Compressive strength 2 6160 
Modified cube method, 2870 
psi 


Compressive strength 7 3360 
2-in. cubes, psi 2% 6790 





HIGH-DENSITY PROPERTIES 


INVESTIGATED AT NORTH PACIFIC DIVISION LABORATORY 


Mortar or grout No. 


5126 


[ontello 


monite 


0.010 
0.017 
0.024 
0.064 
0.185 
1.022 
1.496 


0.29 


1009 
134 


4880 
1120 


1960 
5130 


5141 


~ Montello 


limonite 


2.6 


156.0 


100 


5142 
Montello 
limonite 


1.8 
159.6 


108 


1999.3 


0.: 


0.008 
0.012 
0.018 
—0.087 
—0.198 
—0.767 
1.238 
—1.768 


5182 
Montello 


limonite 


0.022 
0.023 
0.024 


4656 


Dillon 
magne- 
tite 


0.006 
0.005 
0.006 
0.077 
0.130 
0, 269 
0.460 
0.769 


$.74 
4.40 


5143 4785 


Dodge Stee Ferro- 
magne 
tite 


phos- 
phorous 


> 


165 


110 


0.024 
0.027 
0.025 
0.090 
0.181 
0. 283 
0.585 


5.129 


4.19 
1.65 
1.98 

15 
2.87 
1 . OF 


1690 6840 
904 2090 


3680 3300 
6190 6790 
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TABLE 12—UNIVERSITY OF WASHINGTON MORTAR DATA* 


Ottawa James Dillon Hanford N.P.D.I 
sand limonite magnetite sand Ottawa sand 


Sand specific gravity (SSD) 2.67 3 4.16 2 68 
Percent Absorption 3.97 0.34 2.14 
Batch Weights 

Sand 5.: §.12° 15 36 

Cement y ‘ - 2.0 

Water , , 2 
Compressive strength 

7 days, psi 2140 

28 days, psi 5 3690 
Sand/cement (by volume) 

University of Washington tests 

N.P.D.L. tests¢ 
Fineness modulus 

University of Washington tests 

N.P.D.L. tests¢ 


1.63-1.81 
*Note: 
(a) 2x 2x 2in. cubes made with sand passing No. 4 screen, except North Pacific Division Laboratory tests 
(b) Limonite mortar was harsh at this water content. 
(ec) Minus No. 16 grout sand used at North Pacific Division Laboratory. 
(d) Mortar tests at North Pacific Division Laboratory using portland cement from batch No. 2. 


determined by a flow cone. (The time required for 1725 ml of grout to pass 
through a '%-in. orifice at the bottom of the flow cone is taken as an index 
of grout fluidity.) The mortars were mixed in a model S-601 Hobart bakery 
mixer. The flow table (ASTM C 87-49) was used in determining the con- 
sistency of all except the steel shot mortar (No. 5181) and the ferrophosphorous 
mortar (No. 4785) which were too fluid and had to be measured with the 
flow cone. 

The mortar and grout specimens were cured in water at 23 C for 28 days 
They were then stored in the laboratory at 23 C and at 50 percent relative 
humidity for an additional 28 days. At the age of 56 days they were placed 
in an oven at 85 C for one week. This was followed by three more one-week 
periods of storage in ovens at progressively higher temperatures of 200, 350, 
and 600 C. Each value reported represents the average of tests on five or 
more specimens. 


Description of mortars and test data 


The fineness modulus of the sand used in most of the mortars was held at 
1.45 to 1.50. The effect of sand fineness on the properties of heavy mortars 
was evaluated by using sands having the same fineness modulus but different 
amounts of materials finer than the No. 200 screen. A water-cement ratio 
of 0.57 was used in all but two mortars. However, the amount of sand used 
in the various mortars was not the same, but was determined to be that whic! 
would produce a flow of about 110 percent for all mortars except No. 5125 
5181, and 4785. The effect of water-cement ratio on mortar properties is 
indicated by comparing results for these mortars with the results for tw 
limonite mortars having water-cement ratios of 0.47 and 0.57. 

Fig. 3 shows the effects on length, weight, and dynamic modulus of elasticity 
produced by the heating periods. The dynamic modulus was determined 
from the fundamental transverse frequency. The greater decrease in length 
and weight of the limonite mortars probably is associated with the remova 
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Fig. 3—Effect of heat on mortars. (a) Length change of mortar bars. 
(b) Weight change of mortar bars. (c) Dynamic modulus of elasticity 
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of the greater amounts of water of crystallization originally contained by the 
limonite sands. Of special interest is the behavior of mortars containing 
ferrophosphorous or fine shot produced by increased oxidation at high temper- 
atures. This same type of increase in weight was noted in mortars made with 
some other magnetites tested at Hanford. 


DISCUSSION OF RESULTS AND OBSERVATIONS 
Heavy aggregates 


Results of physical tests on heavy aggregates used in this investigation are 
summarized in Fig. 2 and Tables 1 to 4. These data indicate that the limonite- 
goethite and magnetite aggregates used in these tests are reasonably sound 
and suitable for use in high-density concrete. (However, heavy ores from some 
sources may be crumbly, unsound, or otherwise unsuited for use in concrete. 
Thus, it is mandatory that care be used in procuring and processing heavy 
ores to obtain satisfactory aggregates.) 

Heavy aggregates used in this investigation behave similarly to crushed 
aggregates such as basalt. Methods and standards for proportioning, grading, 
and compacting ordinary aggregates are applicable, with slight modifications, 
to these heavy aggregates. Allowances can be made for differences in size, 
density, and composition. 

Since the high-density concretes studied in this investigation will not be 
subjected to weathering, none of the standard weathering tests were per- 
formed. However, resistance to abrasion or weathering is usually less for 
concrete made with iron-bearing aggregates than for concrete made with 
sound ordinary aggregates. Values of absorption are relatively high for 
some varieties of limonite. Goethite type ores are stronger and more desirable 
for use in concrete than what is usually referred to as limonite. Adequate 
concrete strengths can be obtained with coarse aggregate of sound magnetite 
goethite, or limonite. However, because of the weaker structure when used 
in large pieces, coarse limonite often produces concrete of lower strengths 
than does magnetite. When reduced to a size suitable for use as grout sand, 
limonite usually produces mortars of high strength. Breakage during handling 
of highly crystalline types of magnetites may be expected to be higher than 
for the other coarse aggregates investigated. 

Manufactured aggregates such as steel punchings, sheared bars, and shot 
should be reasonably free of dust, oil, and foreign coatings which tend to 
reduce the mortar bond to the aggregate pieces. These manufactured aggre- 
gates should be nearly cubical or spherical in shape and reasonasly free ot 
pieces having large flat surfaces. 


High-density concretes 


Data on the composition and physical properties of the six concretes (two 
conventionally-placed and four prepacked concretes) investigated at the 
North Pacific Division Laboratory are summarized in Tables 6 and 8. These 
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oncretes have cement factors of from 5.53 to 7.0 sacks per cu yd and water- 
ement ratios of 0.58 to 0.47, respectively. 

For comparative purposes, data on five types of conventionally-placed 
onecrete made with similar heavy aggregates at the University of Washington 
are presented in Tables 7 and 9. These concretes have cement factors of 
about 9.0 sacks per cu yd and water-cement ratios of 0.36 to 0.46. 

The physical and structural properties of concrete made with iron-bearing 
aggregates are reasonably sound and comparable to corresponding properties 
of ordinary concrete made with sound aggregates. For example, the 28-day 
compressive strengths of 6 x 12-in. cylinders vary from 3180 psi for type A 
prepacked concrete to 5730 psi for type C conventionally-placed concrete. 


Comparison of properties for different types of high-density concrete 

The objective of these tests was to evaluate the physical properties of 
various types of high-density concrete made with iron-bearing aggregates. 
As far as possible, standard test methods were used; no attempt was made 
to determine the effect of all possible variables on these properties. Since 
the number of tests was limited, as well as the types of concrete investigated, 
no broad conclusions can be made with respect to any one variable and its 
effect on the properties of high-density concrete. However, the following 
facts are evident on the basis of the available data. 

Because of the inherent differences in the composition and structure of 
conventionally-placed concrete and prepacked concrete, their physical proper- 
ties can be expected to be somewhat different. In conventionally-placed 
concrete, aggregates are designed to be well graded from coarse to fine. In 
prepacked concrete, there are generally no aggregate particles in the grading 
distribution from the grout sand to the prepacked coarse aggregates. In 
spite of these differences, this investigation demonstrates that concrete having 
satisfactory structural properties can be made with iron-bearing aggregates 
by either the conventional or prepacked method. Owing primarily to the 
use of coarser sands in making specimens of conventionally-placed concrete, 
the conventional method of fabrication produced stronger concrete than did 
the prepacked method. However, the prepacked method still offers certain 
advantages in constructing shielding structures of high-density concrete since: 

(a) Segregation of coarse pieces of steel aggregate can be minimized. 

(b) Concrete of uniform density and composition can be placed with facility in re- 
stricted areas and around embedded items requiring close tolerances in location. 

(c) For similar materials, greater density and homogeneity can be obtained con- 
sistently than can be realized using conventional methods. This is because less cement 

is required to place concrete by the prepacked method and segregation is less likely to 

occur under difficult placement conditions. 


A direct comparison between conventionally-placed concrete D and _ pre- 
packed concrete E is possible since similar amounts of magnetite and limonite 
were used in each type. Comparison can also be made between conventionally- 
placed concrete C and prepacked concretes B and F. Compressive strength 
and modulus of rupture are higher for conventionally-placed concretes than 
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for the prepacked concretes. Values for prepacked concrete B are lowes' 


due possibly to the greater amount of limonite used as coarse aggregat 
Although at 28 days, the modulus of elasticity for prepacked concretes | 
and F were equal to, or greater than, those for conventionally-placed con- 
cretes C and D; at 90 days the converse exists. The moduli of elasticity and 
rupture were found to decrease between 28 and 90 days for the air-dried 
specimens of prepacked concrete. Prepacked concrete A may be compared 
with conventionally-placed concrete No. 1 tested at the University of 
Washington when allowances are made for the difference in cement content. 
Conventionally-placed concretes studied in this investigation can be expected 
to have higher strengths under ordinary conditions than do the prepacked 
concretes since: 
(a) Cement contents used in the conventionally-placed mixes are higher and water 
cement ratios lower than those used in the prepacked concretes. 
(b) The amounts of coarse limonite used in the conventionally-placed mixes are less 
than in the prepacked concretes. 
(c) The grout sands used in the prepacked concrete specimens are much finer than 
the sands used in making the conventionally-placed concrete specimens. 

Exposure to temperatures of 85 C and above reduces values of structural! 
properties of the concretes investigated because of the removal of free water 
and portions of hydrated water from the cement paste. Compressive strengths 
of concrete specimens 118 days old, which had been heated at 85 C, were 
slightly less than the 90-day strengths of unheated specimens. Flexural! 
strengths of heated prepacked specimens were from 54 to 79 percent of the 
flexural strengths of the 90-day unheated specimens; these values being 
generally less than the corresponding values for flexural strengths of the 
conventionally-placed specimens. The limited data indicate that the use of 
extremely fine sands in the prepacked concretes is the main reason for these 
heated strengths being lower for prepacked specimens than for the conventional 
specimens. 

The strength of the prepacked concretes could possibly be improved by 
eliminating most of the material passing the No. 200 screen in accordance with 
standard specifications for grout sand which limit this material to 5 percent. 
However, should the need for the increased strength justify washing th 
limonite or magnetite grout sand, the pumping qualities of the grout would 
be lessened. This is because the high density of the limonite, and especially 
the magnetite, grout sand requires that the sand be finer than ordinary grout 
sands. Also, the use of coarser grout sand would probably require the us 
of a filler such as fly ash to obtain the necessary pumpability and sand rete! 
tion in the high-density grouts. The use of such a filler would probably lowe: 
the density of the grout and reduce its shielding ability slightly. 

Bond strengths of the prepacked specimens are in general equal to 0! 
slightly greater than those of the conventionally-placed specimens. Thi 
fact is related to the method of fabricating specimens which favors the pr 
packed method. Since the aggregate is packed firmly around the embedde 
rods prior to pumping the intrusion grout, the pull-out strength of a rod in 
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repacked specimen depends upon bearing against coarse particles of aggre- 
vate as well as the bonding qualities of the mortar. It is noted that bond 
trengths at 90 days for both conventionally-placed and prepacked specimens 

ade with magnetite sand are less than those of concrete made with limonite 
and. This fact may be related to the crystalline structure of the magnetite 
sands. 

The effects of replacing steel aggregate in iron-limonite concrete with coarse 
magnetite is evident from a study of the data presented in Table 8 for pre- 
packed concretes A and B. The physical strength properties of the magnetite- 
limonite specimens are slightly greater than those of concrete A made with 
steel aggregate and limonite, while moduli of elasticity are less. The main 
reason for these differences is the use in concrete A of steel aggregates which 
apparently have poorer bonding qualities than do the natural aggregates 
used in concrete B. 

The effect of using magnetite grout sand instead of limonite grout sand may 
be evaluated by comparing data for prepacked concretes B and E. The 
physical strength properties and moduli of elasticity for the latter made with 
magnetite grout sand are somewhat greater than those for concrete B made 
with limonite sand. This condition is not in agreement with the mortar 
strength data which indicate that the limonite grout should produce slightly 
stronger concrete specimens. However, reference to the grading analysis for 


the sands used in making concrete specimens reveals the following: 


Grout sand James limonite Dillon magnetite 


Fineness modulus 1.28 2 98 


Percent passing No. 200 screen 28.5 i) 


2 
1 


These data show that the magnetite sand was much coarser than the limonite 
sand used in making concrete specimens of types E and B, respectively. This 
explains in part the higher strength for concrete E. However, it is doubtful 
whether or not these same strengths could be realized under field conditions, 
since to be pumpable, the fineness modulus of the magnetite grout sand should 
be less than 1.50 or 1.25. 

The effect of using different types of aggregates in prepacked concrete is 
evident from comparing the data for prepacked concretes B and F, Strength 
and moduli of elasticity for concrete F made with Montello limonite are cor- 
respondingly greater than for concrete B made with James limonite. It is 
noticed also that less coarse limonite was used in concrete F than in concrete B. 

Conventionally-placed concretes C and D contain the same amount of 
limonite and magnetite. The effect of using limonite sand as compared with 
magnetite sand is evident from studying the data for these two concretes. 
Concrete C made with limonite sand has higher physical strength than does 
concrete D made with magnetite sand; although concrete D has higher modulus 
of elasticity. It can be expected that the modulus of elasticity will be higher 
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for concrete D since mortar specimens made with Dillon magnetite have 
higher modulus of elasticity than do mortars made with James limonite. 
The higher physical strengths for concrete C is probably due to the use of 
magnetite as coarse aggregate. 

Table 10 presents values of specific heat and thermal conductivity for the 
two types of concrete tested at the North Pacific Division Laboratory. These 
data are compared below with corresponding values for conventional con 
crete and barite concrete.* 


Barite Conventional High-density 
concrete® concrete concretes A to F 


Density (d), lb per cu ft 220-230 145-160 210-275 

Specific heat (c) 0.141-0.152 0.210-0. 245 0.180—-0. 220 

Diffusivity (h?) 0.026—0 .027 0.025-0.055 0.030-0 .056 

Conductivity (k) 0.880—0 .893 0.80-2.10 1.20-2.75 

Coefficient of thermal ~10 X 10-° 4.8-8.3 x 10° 4.6-6.0 X 10° 
expansion, in. per in. per deg F 


The specific heat for ordinary aggregate is about 0.235 as compared with 
0.11, 0.16, and 0.19, for steel, magnetite, and limonite coarse aggregates, 
respectively. Such factors as exposure at high temperatures and loss of free 
and combined water from concrete also can be expected to influence the 
thermal properties of high-density concrete. Thus, the above data are limited 
to a temperature range of 60 to 100 F and materials associated with the 
North Pacific Division Laboratory test. 


High-density mortars 


Data on the composition and physical properties of mortars made with 


iron-bearing sands are presented in Table 11. These 12 mortars were made 
with grout sands passing the 16-mesh screen. Comparative data obtained 
at the University of Washington with mortars made with coarser sands 
passing the 14-in. screen are presented in Table 12. 

Shown in Table 13 are several possible combinations of mortar tests which 
may be used to evaluate the effect of certain factors upon the physical proper- 
ties of these heavy mortars. The mortar made with fine Ottawa sand is in 
cluded as a reference for comparing the results in each study. Table 10 
presents values obtained under standard curing conditions, and under exposur 
at elevated temperatures. In general, the results of these studies are i! 
agreement with the water-cement ratio law. 

Study I—The effect of source and type of heavy sands is evident fron 
comparing the compressive strengths at 28 days for the respective mortars 
The relative strengths of mortars made with sands having a fineness modulu 
of about 1.45 are in order of decreasing strength as follows: Ottawa sand 
Montello limonite, James limonite, Dodge magnetite, and Dillon magnetit: 
The limonite grout sands produce higher mortar strengths than do magnetit: 
although the converse exists for mortars made with coarser sands. It 
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TABLE 13—SCHEDULE OF MORTAR STUDIES 


Mortar Percent 
No. passing 
No. 200 


“12 
“22 
20 
24 
18 
“18 
14 
0 
10 


Grout sand 


Description 


100 percent passing No 


Dillon magnetite 
Montello limonite 
Ferrophosphorous 
Ottawa sand 
Montello limonite 
Montello limonite 
James limonite 
Montello limonite 
Montello limonite 
Dodge magnetite 
Steel shot, SAE 110 
Montello limonite 
Montello limonite 


16 


Remarks 


High fines 


Reference mortar 
" grout 
Fine sand 


Low W/C 
High W/C 


Pumpable grout 
Low fines 
Average of two 





% 
| 
a 
; 
3 
q 


significant that all grout sands produce mortars with relatively high com- 
pressive strengths of from 5300 to 6790 psi at 28 days. Attention is directed 
to the effect which the water of crystallization contained in the limonite has 
on the behavior of the respective mortars. The Ottawa sand contains no 
crystallized water, while the magnetite has a small amount as compared with 
the limonite-goethite aggregates. Variations in weight loss and length changes, 
as well as in dynamic modulus, are related to the amount of crystallized water 
contained by the fine aggregate and the temperatures at which this water is 
released (see Fig. 3). 


Study II 


of results for mortars described in Table 13; large amounts of fine material 


Effect of fine material in grout sands is indicated by a study 


passing the No. 200 sieve have a degenerative effect upon the strength of 
This effect 
is pronounced for specimens which, because of exposure to high temperatures, 


mortars which are exposed to elevated temperatures up to 600 C. 


have lost the water of hydration from the aggregates and hardened paste. 
Montello mortar No. 5182, containing only 10 percent fine sand passing the 
No. 200 screen, resisted heat exposure much better than mortars made with 
finer sand. 
Study III 


alter exposure to elevated temperatures are not clearly defined. 


Effect of varying water-cement ratio upon properties of mortar 
Montello 
mortars having water-cement ratios of 0.47, 0.57, and 0.67 were investigated 
at Troutdale. The 28-day compressive strengths of these three sets of mortar 
cubes are 8810, 6130, and 4750 psi, respectively. The degenerative effects 
of high temperatures on the strength and soundness are greater for mortars 
having high water-cement ratios, and especially for mortars made with very 
fine sands. Mortar No. 5142 stood up well under the heat tests owing possibly 
to a more complete hydration of its cement. 

Study IV 


the same except for two grouts designed to be pumped. 


Consistency of wet mortars deseribed in Table 11, were about 
For each mortar, 
the water-cement ratio was held to the specified value and sand added until 
LOS. 


For a given flow, the volume of sand 


the wet mortar had a flow of about The consistency was found to be 


sensitive to the fineness of the sand. 
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required in a given mortar is a measure of the relative fineness of its grout 
sand and an index of the behavior to be expected for the hardened mortars 
under ordinary and elevated temperatures. In comparing mortars made wit! 
different types of sand, allowance must be made for density, absorption, and 
shape of aggregate particles. The effect of a wide difference in consistency, 
may be obtained by comparing results for grout No. 5125 with those fo: 
mortar No. 4746. 

Study V—lIron shot and ferrophosphorus mortars, mortars No. 5181 and 
1785, respectively, gained weight when exposed to temperatures above 350 ( 
due to accelerated rates of oxidation. At lower temperatures, these mortars 
are relatively sound. 


SUMMARY AND CONCLUSIONS 


The heavy aggregates used in these tests proved entirely satisfactory for 
use in high-density concrete where resistance to abrasion or exposure to the 
elements is not of prime importance. 

In general, the physical and structural properties of concrete made with 
the iron-bearing aggregates tested are reasonably sound and compare favorably 
with those for concrete made with conventional aggregates of good quality 

Of special interest are the results for 12 mortars made with heavy fine 
sand which were subjected to elevated temperatures up to 600 C. The de- 
generative effects of high temperature exposure on the strength and soundness 
of these mortars were greater for mortars having high water-cement ratios, 
and especially mortars made with very fine sands. In general, the results 
of these mortar tests are in agreement with the water-cement ratio law. 
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Sustained Load Strength of Eccentrically Loaded 
Short Reinforced Concrete Columns’ 
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SYNOPSIS 


The principal object of this experimental investigation was to determine 
which portion of the ultimate strength under fast (short-time) loading can be 
sustained indefinitely by an eecentrically loaded reinforced concrete column 
Forty-five column tests are reported; 13 tests were made with fast loading, 12 
with slow loading, and 19 with sustained loading. In addition to the type of 
loading, concrete strength and eccentricity of load were the major variables 
studied. 

The test findings indicate that the ultimate strength under sustained loading 
is only about 10 percent below that for fast loading. It seems satisfactory 
therefore, to base safety in ultimate strength design on the ultimate strength 
equations for fast static loading, which equations are substantiated by num- 
erous previous tests. 


INTRODUCTION 


Object of investigation 

In recent years, several theoretical and experimental studies have pro- 
vided broad and detailed information regarding the short-time static strength 
of eecentrically loaded reinforced concrete columns. An extensive experi- 
mental investigation of such columns was published by the University of 
Illinois in 1951.! As in most other studies involving eccentric loading, the 
experimental data obtained in this Illinois work were limited to short-time 
tests, in which column specimens were loaded to failure in about 1 hr. 

A later extension of these 1951 studies was devoted to pilot tests on effects 
of time on column strength. As reported in the appendix of this paper, the 
results indicate that sustained loads moderately in excess of working loads 
have no significant effect on the ultimate column strength. This confirms 
previous findings in tests. of knee frames,? in which a 17-month period under 
sustained working loads had little effect on ultimate strength. Similarly, it 
was found in previous tests of concentrically loaded columns* that a period 
of 345 years under sustained working loads had no significant effect upon 

*Received by the Institute Dec. 23, 1955. Title No. 52-45 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 27, No. 7, Mar. 1956, Proceedings V. 52. “Separate prints are available at 50 cents each 
Discussion (copies in triplicate) should reach the Institute not later than July 1, 195¢ Address 18263 W. McNichols 
td., Detroit 19, Mich. 

_tMember American Concrete Institute, Research Associate Professor of Theoretical and Applied Mechanics 
University of Illinois, Urbana, Ill. 

tMembers American Concrete Institute, Development Engineer and Manager Structural Develop 

respectively, Portland Cement Assn., Chicago, III Formerly Research Associate and Research 


fessor, respectively, Department of Theoretical and Applied Mechanics, University of Illinois, Ur 
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ultimate strength. It is clear, therefore, that ultimate strength theories based 
on short-time tests are applicable to columns loaded to failure after a period 
of sustained loading somewhat over the working load level. 

The investigation reported herein represents a further step in studies of 
effects of time on the ultimate strength of eccentrically loaded reinforced 
concrete columns, namely, determination of the maximum load that such 
colums can sustain indefinitely. Tests were made on 44 rectangular tied 


columns which were divided into two test series according to the eccentricity 


of load. One series included 24 columns with moderate eccentricities, and the 
second series included 20 columns with small eccentricities. Within each 
series, the principal variables were concrete strength and type of loading. 
Thirteen columns were tested with fast loading, 12 with slow loading, and 19 
with sustained loading. 


Notation 
The letter symbols used throughout the paper are defined as follows: 


= length of column capital = eccentricity of load with respect to 
total area of concrete mid-depth of section 
area of tension reinforcement eccentricity of load with respect t 
area of compression reinforcement centroid of tension reinforcement 
width of column : Lpar se 
: : : modulus of elasticity of reinforcing 
= distance from neutral axis to compres- vanes 
stee 
sion edge : h of 12-3 ; 
: . : . . . compressive strength of 6 x 12-in. cyl- 
distance from centroid of tension rein- ; I & 
= wal inders 
forcement to compression edge : 
distance from centroid of tension to = stress in tension reinforcement 


centroid of compression reinforcement f yield point of rejnforcement 
View 8 
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Side View Section A-A View B 
Fig. 1—Details of specimens 
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coefficient defining the magnitude of 
the internal compressive force in con- 
crete shown in Fig. 7 


total depth of section 


lateral deflection of prismatic shaft at 
mid-height 


-oefficient defining the position of the , 

~— ficient d 8 he I : lateral deflection at mid-height ol 

internal compressive force in concrete 
tees ae column 

shown in Fig. 7 | deflect; r 

: . . ater: ‘Tec ‘ause “ols 

ratio of flexural compressive strength, Poe ee - an Ce ay Mee ee 

” a are ’ column capitals 

f. , to cylinder strength, f. 

= length of prismatic column shaft compressive strain in concrete corre- 


= load sponding to maximum stress 

= ratio A,/bd €, = ultimate concrete strain in flexure 
20B2a. 
The first number expresses the design concrete strength in hundreds of psi; 


Each column is designated by two numbers and two letters, e.g., 


the capital letter refers to the desired mode of failure in a short-time test* (B 
= balanced failure, C = compression failure); the second number refers to 
the type of loading (1-fast, 2-slow, 3 and 4-sustained load); and the lower 


case letter is used to distinguish between companion specimens. 


SPECIMENS AND TESTS 
Details of columns 


Details of the test columns are shown in Fig. 1. All were of the same size 
and were reinforced in an identical manner; they had a prismatic shaft 20 in. 
long and 5x 5 in. in eross section, and a 10-in. capital was provided at each 


end to accommodate the loads. The reinforcement was made up of two # 4 


bars for tension, two # 4 bars for compression, and seven 3/16-in. ties spaced 
at 4 in. 


The concrete cover of the longitudinal reinforcement was 1} in. 
Sufficient additional reinforcement was provided to prevent failure in the 
capitals. 

The eccentricities of load varied to some extent. Using the equations of 
the 1951 investigation,' they were selected on the basis of the desired mode of 
failure in tests with fast loading. Columns with small eccentricities were 
designed to fail by compression failures, and columns with moderate eccen- 
tricities by balanced failures. 

The relatively small size of specimen was chosen to facilitate building of an 
Because of their size, the 
specimens were treated as scale models both in selection of the maximum 
size of aggregates and in tolerances. 


assembly of ten special sustained loading frames. 


Materials 
All specimens were made with Type I portland cement. 
were Wabash River sand and pea gravel. 
gates are given in Table 1. The fineness modulus of the sand was 3.04, and 
the maximum size of the gravel was !4 in. 
Three grades of concrete with design strengths of 2000, 3500, and 5000 
psi were used. 


The aggre 


The sieve analyses of the aggre- 


> 


Concrete strength was purposely varied somewhat between 
companion groups of four specimens each. Average properties of the mixes 


*A test to failure in a conventional testing machine carried out in about 1 hr; the corresponding loading will be 
referred to herein as “‘fast loading.” 
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TABLE 1—SIEVE ANALYSIS 


Percentage retained on sieve No. 
Aggregate 
16 30 


Sand 


Gravel 


are given in Table 2. The slump of all mixes was | to 2 in. The strengths 
of control cylinders are given for each individual column in Table 3. 

The longitudinal reinforcement was # 4 intermediate-grade billet  stee! 
meeting ASTM A 305-50T for deformations. The steel was purchased in one 
lot, and mechanical properties were determined by tests of four tensile coupons 
selected at random. The average properties based on the nominal bar area 
of 0.20 in. were as follows: (1) yield point—43,300 psi; (2) ultimate strength 
71,500 psi; and (3) modulus of elasticity—-27,200,000 psi. The yield points 
for individual coupons differed from the average by less than 2 percent. 
Fabrication and curing 

All columns were cast in groups of four in four identical steel forms. Cast- 
ing was done in a horizontal position with the tension side of the column up- 
ward. Reinforcing steel was tied into rigid cages and placed in the forms. 
Then, the concrete required for all four columns and the corresponding contro! 
cylinders was mixed in one batch. After a 3-min mixing period, the concrete 
was placed in a large pan and remixed by shovel. The concrete was then 
divided into four parts, each for casting one column and three 6 x 12-in. 
control cylinders. Internal vibrators were used to place the concrete. 

The columns and control cylinders were removed from the forms and 
placed in a moist room after 1 day, cured in the moist room for 6 days, and 
then stored in the laboratory until tested. 


Testing equipment and methods 

Load was applied to all columns through two 1%-in. rollers, each placed 

in a triangular groove in a steel plate seated on the top and bottom of the 

column with plaster of paris. Tests of the four columns of one group were 
carried out in a fixed order. 

(a) The first column was tested in a 300,000 

TABLE 2—CONCRETE MIXES pes ti ; . 

lb capacity screw-type testing machine. Th: 

: load was applied in several increments t 

Design W/C, | Avg. 28-day 


ag Mix ratio, * by strength, a ae ° ; 
psi by weight | weight f.', psi beginning of the test and after each load ir 


failure. All measurements were taken at th: 
crement. Testing of one column took about 

2000 | 134.3: 6.7 0.91 2280 1 hr. This type of loading is referred to her: 

in as fast loading; it is similar to that use 

in the 1951 Illinois test series." 

5000 72.9:48)| 0.55 4870 (b) The second column was loaded initial! 

to 75 percent of the ultimate load for th 


3500 |1:3.3:5.2) 0.638 $150 


*Saturated surface dry basis first column; this load was applied in three « 
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more increments in the special loading frames shown in Fig. 2. Then the load was 
increased approximately 5 percent every 24 hr until failure occurred. All readings 
were taken before loading and after each increment of load. This type of loading is 
called slow loading; it was included in the test program primarily as a guide for select- 
ing the magnitude of the sustained loads 

(c) The third and fourth columns were loaded as shown in Fig. 2 to between 80 and 
95 percent of the ultimate load for fast loading. The selected sustained load was usually 
below the ultimate load for slow loading. The load was first applied in three or more 
increments and was then maintained on the column until failure took place, or until it 
became apparent that the column could sustain the load indefinitely. Measurements 
were taken before loading, after each load increment, and at varving time intervals 
during the period of sustained loading. The sustained load was adjusted by tightening 
the loading springs whenever it deviated from the original load level by more than 5 
percent. 

(d) The columns which did not fail under sustained loading were removed from the 
special frame and retested to failure as described for fast loading 
Control cylinders were tested in a 300,000-lb hydraulic testing machine 

on the day when the corresponding column failed. 


Measurements 

The measurements included concrete strains on the compression face of 
the columns, steel strains on the outside surface of the tension steel, and de- 
flections on the tension face of the columns. 

Steel strains were measured on two gage lines and concrete strains on three 
gage lines with a 6-in. Berry mechanical gage. Locations of the gage lines 
are shown in Fig. 1. Access to tension reinforcement was provided through 
cored holes. For the concrete strain measurements, short cast-in steel plugs 
were provided. 

















Fig. 2—Loading frames for sustained load tests 
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Deflections were measured by three 0.001-in. dial indicators mounted on 
deflection bridge. Details of the deflection bridge and the locations of dia 
are shown in Fig. 1. The bridge was supported by a pin on the top of th: 
column and by a knife-edge on the tension face above the bottom edge of th: 
column. Because of this arrangement of supports, the deflection bridge did 
not remain entirely parallel to the load line. All deflection data presented 
in this report therefore include a small correction for the movement of th 
bridge. 

Records were kept of temperature and relative humidity, which fluctuated 
between 65 and 84 F, and between 36 and 91 percent, respectively. Th 
seasonal changes in temperature and humidity had little effect on the column 
test data. 


TEST RESULTS 


The principal test data are summarized in Tables 3 and 4. Ultimate load 
data are given in Table 3, including the maximum loads the columns were 
able to resist and the corresponding deformations, the strengths of control 
cylinders, the initial eccentricities measured as the distance from the tension 
steel to the load, the age of columns at the beginning and conclusion of test- 
ing, and the type of loading applied to any particular column. Sustained load 
test data are given in Table 4; they include the magnitude of the sustained 
loads, deformations at various stages of the test, and the duration of the test 


Deformations at the ultimate load were usually obtained by extrapolatio: 
from measurements taken at loads slightly below the ultimate. All other data 
included in the two tables were obtained by direct measurements.  Ste¢ 


strains are given as averages of readings on two gage lines-on the outside fac 
of the tension steel. Concrete strains are averages of readings on three gag 
lines on the compression surface of the columns.  Deflections are given as 
the total lateral deflections at column mid-height with respect to the line of 
load. 

Except for small variations of concrete strength, the type of loading was 
the only variable within each group of four columns, such as 20Bla, 20B2a, 
20B3a, 20B4a (Table 3). As a rule, column 1 was subjected to fast loading 
(FA) to failure, column 2 to slow loading (SL) to failure, and columns 3 and 4 
to sustained loading (SU) to failure, or, if a column did not fail under sustained 
loading, to sustained loading followed by fast loading (SU + FA) to failure 
Exceptions to this procedure are discussed below. 

Column 20B3b, intended for a sustained load test, failed during the initia 
load application. Column 20C4b was loaded to 31,600 |b; it was intended 
to maintain this load on the column as a sustained load. Since the colum: 
appeared to be in danger of failure, however, the load was allowed to drop and 
was maintained as a sustained load at 29,000 lb. 

Column 35Cla was tested with fast loading at an eccentricity of 3 in. The 
next column of this group, 35C2a, was initially subjected to slow loading at 
the same eccentricity. However, at a load of approximately 50,000 lb, it be 








Concrete 
ol. | strength,* 
No f-’, psi 











OBla 2290 
2a 2 
$a 
fa 2660 
20B1b 2120 
2b 2530 
3b 2300 
4b 1860 
5Bla 4240 
2a 4410 
3a 4610 
fa 4640 
35Blb 4760 
2b 4770 
3b 4710 


tb 4760 











SOBla 5370 4.00 28 28 59.0 0. 232 1990 $550 FA 
2a 5670 4.00 29 37 58.5 0.204 2700 5000 SI 
3a 5420 4.00 10 592 57.0 0.302 2800 5350 SI FA 
ta 5680 4.00 4] 589 51.0 0.440 5070 6780 SU +FA 
50BIb 4360 4.25 16 46 50.0 0.159 1610 2540 FA 
2b 4540 1.25 18 18 41.2 0.181 2000 3090 SL 
3b 4740 4.25 52 490 49.5 0.356 3140 5880 SU +FA 
4b 5320 4.25 52 124 41.3 0.346 3800 5760 SI 
Columns with small eccentricities 
20C la 2980 3.00 28 28 57 .6 0.150 720 3450 FA 
2a 3130 3.00 31 35 53.0 0.250 1300 5600 SI 
3a 3470 3.00 40 98 | 52.5 0.300 1100 6300 SI 
da 2900 3.00 34 602 53.0 0.402 1960 8720 SU + FA 
20C Ib 1560 3.50 33 33 34.0 0.181 1060 3610 FA 
2b 1810 3.50 34 39 31.5 SL 
3b 1820 3.50 43 18 32.4 0.32] 1540 5420 SI 
ib 1770 3.50 43 179 32.0 0.560 2850 SU +FA 
20C Ie 2440 3.00 | 30 30 50.0 0.144 730 2910 FA 
2e 2500 3.00 38 $4 48.2 0.301 1060 1540 SI 
3e 2380 3.00 } 50 948 51.2 0. 262 1330 5940 SU FA 
4c 2810 3.00 | 82 1052 18 4 0.278 1600 6600 SU +FA 
35Cla 3940 3.00 28 28 70.0 0.153 850 3450 FA 
2a 4460 3.50 355 533 57.0 0.190 1810 3110 SL+FA 
3a 4240 3.50 544 551 55.4 0.150 1450 2900 SI 
fa $230 3.50 561 561 50.9 0.150 1360 2980 FA 
35C 1b 1280 | 3.50 78 78 54.0 0.201 1250 2850 FA 
2b 4670 | 3.50 80 8&5 19.4 0. 256 2290 5050 SI 
3b 4330 3.50 90 604 47.4 0.368 2400 7250 ST FA 
tb 4120 3.50 87 545 57.0 0.348 2450 6970 SI FA 
*Control cylinders were tested the day the corresponding column failed 
tDistance from the tension steel to the line of load 
tF A = fast loading; SL = slow loading: SU sustained loading; SU + } \ fast loading following s istained 
joading. 


came evident that the sustained load equipment would not permit 
test at this load. 
retested with fast loading at 
35C3a and 35C4a, were 
35C3a was subjected to slow loading, and column 39C4a, which was intended 
for a sustained load test, 
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TABLE 3—ULTIMATE LOAD TEST DATA 















Initial Age at At failure 

eccen- 

tricity, t Loading, Failure Load, Deflec Steel Con- Twine 
e’, in. days days ips tion strain crete of 





in x 108 Strain 


106 


Columns with moderate eccentricities 































5.38 29 29 27.0 0.191 2160 780 FA 
5.38 30 32 25.5 0. 227 2030 10 SI 
5.38 35 540 25.0 0.355 2850 6300 SU +FA 
5.38 34 547 24.3 0.396 3130 7500 SU +FA 
5.56 31 31 22.1 0.189 1940 2760 FA 
5.56 37 45 21.4 0.555 3870 7450 SI 
5.56 83 83 22 0 0.260 2350 1000 FA 
5.56 83 41 22.0 0.345 2700 4500 SU +FA 
4.25 29 29 49 3 0. 206 2150 3340 FA 
4.25 41 43 44.5 0.240 2180 1070 SI 
4.25 47 75 43.7 0.385 4000 6250 SI 
4.25 48 199 43.4 0.534 3100 6500 SI 
4.00 258 258 i8 0 0.180 1620 2800 FA 
4.00 260 24 456 0.170 1530 2950 SI 
4.00 274 274 43.1 SI 
4.00 27 936 417.3 0. 246 





2080 4200 SU +FA 























































a sustained 






Consequently, the 






load was removed and the 
an eccentricity of 3.5 in. 
then loaded with this 


column was 
The remaining columns. 









5.5-In. eccentricity. Column 









failed during the initia] load application. 
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TABLE 4—SUSTAINED 


Sustained End of sustained load period Concrete strains. x 106 
load 
Duration Deflec- Steel Con- at first at 10 at 100 atl Ree 
Column of tion, strain crete loading days days year er 
No loading, kips Ue, im. x 106 strain 
days x 106 


Columns with 


20B3a 505 2640 6080 1990 3200 4580 5900 2060 
fa 513 22 5 2620 5760 1860 2960 4500 5580 2150 


20B4b 5 2 93 2380 4030 1960 2740 3490 3970 2030 


35 B3a ; 4: 88.7 d 4000 6250 2310 4400 
ta 3 8: : 3100 6500 2470 4270 5750 


35B3b 5 hr : f 1610 2910 - 
tb j y 87 2 1910 3490 2130 2390 2880 3350 1900 


50B3a 552 55 .f 2080 4740 1960 2800 4000 4820 1910 
ta HAY ‘ 88.2 3930 6460 2310 3070 5150 6220 2100 


5OB3b . ‘ ; 2350 5220 1760 2870 4300 4990 1960 
ib q 3t| § 3800 5760 2960 5220 - 


Columns witt 


1000 6300 1780 
1600 8290 1810 


321 1540 5420 2690 

504 | 2300 1790 

226 | 1080 4600 1410 2190 3720 4490 

205 930 4230 1510 1860 3300 1070 
ic§ 225 1070 4800 


294 1690 5840 2170 3050 4980 6360 


35C3b§ 23] 2110 6940 


tb 57 418 3 .¢ 309 2230 6270 1820 2900 4350 5900 
*Percent of the ultimate load of the companion specimen subjected to fast loading: based on actual test 


(Table 3) without regard to differences in concrete strength. 
tFailed under this load. All other specimens sustained the load without failure. 


Columns 20C4c and 35C3b were subjected to sustained loading. After it 
became evident that the columns would support the load indefinitely, the 
load was raised as shown in Table 4. The increased loads were kept on both 
columns for 219 days, which period was sufficient for the deformations to 
level out under the increased loads. 


Behavior under load 

Behavior of the test columns under load is illustrated by typical load 
deformation and time-deformation curves in Fig. 3 and 4. The behavior of 
columns with moderate and with small eccentricities was similar, except fo: 
the magnitude of the tension steel strains at failure. In all eolumns wit! 
moderate eccentricities the tension steel yielded before failure, but in sever: 
columns with small eccentricities the tension steel stresses remained in thi 
elastic range throughout the test. 


As illustrated by Fig. 3, deformations were approximately the same f 
all four columns of one group until the period of sustained loading bega: 
From then on, the deformations were smallest for the column subjected t 
fast loading and largest for the columns subjected to sustained loading. | 
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LOAD TEST DATA 


Steel strain, « 10° Deflection, ye, 0.001 in 


t first at 10 at 100 Recovery at f 


st at 10 
vading days days loadi 1 


r 
ng days 


moderate eccentricities 


1650 | 1830 1500 
1600 1940 25 1560 


1610 1790 : 1440 


1700 2400 
1590 2100 


1610 
1180 1300 1200 


1180 1510 1270 
1590 1880 1270 


1150 1300 2 1490 
2110 3400 


small eccentricities 


300 690 
440 750 1310 700 


900 
980 1650 1810 980 


460 110 620 310 
390 450 680 170 


1010 1450 1920 1020 


1110 1570 2130 1090 


tLoaded to 31.6 kips, but load was maintained at 29.0 kips 
§After it became evident that the original load could be sustained indefinitely, the loa 


all tests the deflections were approximately symmetrical about mid-height 
(Fig. 3b). 

The ultimate loads were, as a rule, highest for columns subjected to fast 
loading and smallest for columns which failed under sustained load. The 
load for all columns that failed under sustained loading was as an average 89 
percent of the corresponding ultimate loads for fast loading. Slow loading 
produced failures at loads averaging 93.5 percent of fast loading, and the fast 
loading after a period of sustained loading gave failure loads averaging 94.6 
percent of fast loading. These percentages are based on actual loads at 
failure as listed in Table 3. 

Location of the failure zone varied from column to column. Crushing of 
concrete occurred at random above, below, or at mid-height of the columns. 


Fast loading—The yield point strain of the reinforcing bars was 0.00159. 


[t can be seen from Table 3 that under fast loading the tension steel strains in 
columns with moderate eccentricities exceeded the yield point by only a small 
margin. Therefore, the specimens failed by nearly balanced failures. The 
columns with small eccentricities, however, failed by compression failures 
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Fig. 3—Typical column deformations 
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Fig. 4—Effect of time on column deformations 


while the tension steel strains were still in the elastic range. Thus, the modes 
of failure of all columns subjected to fast loading were as planned. 

In general, the behavior of columns subjected to fast loading was the-same 
as that observed in the 1951 Illinois series.' The principal difference was 
in the distribution of deflections and in the location of the failure zone. The 
1951 columns deflected more above than below mid-height, and failure con- 
sistently took place in the upper half, as contrasted by the symmetrical de- 
flection pattern and random location of the zone of failure in the present in- 
vestigation. The difference is caused by the casting procedures used. The 
1951 columns were cast in a vertical position; the columns of this investiga- 
tion, in a horizontal position. Columns cast vertically are weaker near the 
top as a result of water gain, whereas columns cast horizontally are equally 
strong along their full height. 

Sustained loading—Nineteen columns were subjected to sustained loading. 
Typical effects of time on strains and deflections are illustrated in Fig. 4 
For columns which did not fail under sustained loading, deformations in- 
creased rapidly for only about 50 days, and at 500 days the deformations had 
leveled out (column 50B3a). On the other hand, for columns which failed 
under sustained loading, deformations increased rapidly to failure (column 
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35B3a). Typical effects of increasing the magnitude of the sustained load 
after a long period of sustained loading are illustrated by the curves for colum) 
35C3b in Fig. 4. 

The steel strains at the end of the sustained load period exceeded the yield 
point for all columns except 20C3a, 20C3b, 20C3c, and 20C4e (Table 4). For 
columns 35C3b and 35C4b, the steel strains exceeded the yield point in spite 
of the fact that the strains at first loading were in the elastic range and the 
corresponding fast loading specimens failed by compression. This illustrates 
that creep can change the mode of column failure. 

Concrete strain 

The compression-face concrete strains at various stages of loading are 
given in Tables 3 and 4. Effects of concrete strength and of type of loading 
on the magnitude of ultimate strain are shown in Fig. 5. An effect of the initia! 
strain at first loading on the magnitude of concrete strains at various stages of 
sustained loading is shown in Fig. 6. 

Effect of concrete strength—It can be seen in Fig. 5 that the concrete strength 
had no significant effect on the magnitude of ultimate concrete strain for any 

one type of loading. This 
(a) Loading is in agreement with pre- 
x-FA vious findings. ' 

°- su—t t Effect of type of loading 
The ultimate strain in col 
umns_ subjected to fast 
loading (Fig. 5a) varied 
from 0.0023 to 0.0040 with 
an average of 0.0032. Since 
the plotted values repre- 
sent average strains meas 





0.010 





ured over three 6-in. gage 





lengths, it is most prob- 


able that local ultimate 
@) Loading | strains in the failure region 
; . 

+ SU+FA were somewhat higher 
_..& corrected } | } } rm: . ° : 
SU+FA his is in general agree- 

ment with the 1951 Illinois 
tests' which gave al 
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average ultimate concrete 
strain in the failure regio 
of 0.0038. 
The ultimate strains {: 
columns failing under sus 
| | tained loading averag 
ven 0.0061 (Fig. 5a). This 
Sonete Seeagm -4,.90t approximately twice t! 
Fig. 5—Ultimate concrete strains ultimate strains obtain 














STRENGTH OF ECCENTRICALLY LOADED COLUMNS 





(a) At 10 Days of Sustained Loading 
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Initial Concrete Strain at First Loading - in./in. 


Fig. 6—Total concrete strains after sustained !oading related to initial value 


from tests with fast loading. Again, since the plotted values represent aver- 
age strains, it is reasonable to assume that the ultimate strains in the zone 
of failure were about twice the value found in the 1951 tests for fast loading. 

Ultimate strains for slow loading are not shown in Fig. 5. They ranged 
between those for fast and sustained loading. 

The ultimate strains for columns subjected to fast loading to failure after 
a period of sustained loading were comparable to those of columns failing 
under sustained load. However, if the creep strains are subtracted from the 
ultimate strains, the resulting values (triangles in Fig. 5b) are in good agree- 
ment with ultimate strains for fast loading. Thus, the increment of concrete 
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strains caused by fast loading from zero load to failure is roughly independeat 
of the previous history of loading. 


Effect of initial strains—Quantitative studies of the effects of creep on 
conerete strains revealed a correlation between the concrete strains at first 
loading and the corresponding concrete strains at later ages. This correla- 
tion is illustrated in Fig. 6a for strains after 10 days of sustained loading and 
in Fig. 6b for strains measured at the conclusion of the sustained load period. 
It can be seen from Fig. 6 that columns subjected to high initial strains under- 
went larger total deformations than the columns subjected to smaller strains 
at the outset of the sustained load period. 


The columns represented by dots and crosses in Fig. 6b could probably 
sustain the applied loads indefinitely without any appreciable further in- 
crease of strain. It may be noted that without exception these columns were 
first strained to 0.00231 or less. On the other hand, columns which failed 
under sustained load (circles) were strained at first loading to 0.00231 or more. 
Only one exception to this rule was observed. Thus it appears possible that 
initial fast loading beyond a compression-face concrete strain of 0.00231 leads 
to localized damage to the concrete which spreads and causes the column to 
fail if the loading is sustained for a sufficiently long period. 


If the suggested hypothesis is correct, then the load causing an initial strain 
of 0.0023 represents the sustained load strength of a column. It should be 
pointed out, however, that to the authors’ knowledge the test data shown in 
Fig. 6b represent the only direct experimental indication of the existence of a 
critical strain as applied to the sustained load strength of concrete. 


ANALYTICAL STUDIES 


Ultimate load equations 

Fast loading—The Illinois 1951 report! has shown that the ultimate strength 
of eccentrically loaded reinforced concrete columns subjected to fast loading 
may be computed with a satisfactory accuracy on the basis of the following 
assumptions: 

1. The compressive stresses in the concrete are distributed as shown in Fig. 7 

2. No tensile stresses exist in concrete. 

3. Bernoulli’s hypothesis of linear distribution of strains is valid. 

1. No general slip takes place between concrete and reinforcing steel. 

5. The stress-strain relation for reinforcing steel is trapezoidal with the flat portion 
corresponding to the yield point stress. For tension failures both tension and com- 
pression steel stresses are equal to the yield point value; for compression failures the 
compression steel stress is equal to the yield point value and the tension steel stress is 
in the elastic range. 


For tension failures of symmetrically reinforced sections, assumptio! 
1 to 5 combined with the equations of statical equilibrium result in the follow 
ing expression for the ultimate load: 


kik; 
P = f'bd——| 1 - 
2k» 
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Fig. 7—Assumed stress- 
Chet fcksk f! strain diagram for concrete 
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For compression failures, the following two equations of equilibrium and 
one equation of compatibility of strains may be written on the basis of assump- 
tions 1 to 5: 

Pe! = kikif.! be (d — kec) + A,’ d’ f, 

P kiks fe be + As’ fy — Aa, (2b) 

f, «,H; (d — c)/ce S fy (2c) 


The ultimate load P for columns failing in compression may be evaluated 


(2a 


by a simultaneous solution of Eq. (2a) to (2c) for P, tension steel stress f,, 
and depth of neutral axis c. 

All symbols used in Eq. (1) and (2) are defined in the section on notations. 
The symbols for the column dimensions and for most of the properties of ma- 
terials are those in common use. The eccentricity of the load, e’, is the maxi- 
mum eccentricity at failure, including both the initial eccentricity and the de- 
flection of the column at failure. 

It was found in the 1951 Illinois tests! that the ultimate load for fast load- 
ing is reached when the maximum strain in concrete e€, is about 0.0038. Since 
the test data from this investigation were essentially in agreement with this 
finding, this value was adopted herein. 

Parameters k,, ko, and ks characterize the stress-strain relationship for 
concrete. With the aid of Fig. 7, the following equation may be written for 
parameters k; and ky. when e, = 0.0038 and F£, = 1,800,000 + 460 f.’ 

_ 3620 + 0.63 ks f.’ 
3910 + ks f.’ 

ky = 0.55 ky 
Thus k; and ky may be evaluated if k; and f.’ are known. 

The parameter k; designates the ratio of the flexural compressive strength 
of concrete in the column to the corresponding cylinder strength. In the 1951 
report! this ratio was assumed equal to 0.85. Correlation of test data with 
Eq. (1) and (2) indicates, however, that k; = 1.0 gives better agreement 
with the tests reported herein than k; = 0.85. This difference between the 
results of the two investigations may be expected as a result of the differenecs 
in casting procedures mentioned before. The concrete in the failure zone 





742 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE March 1956 


of the vertically-cast 1951 columns was weaker than the concrete in the 
corresponding cylinders. There is, however, no reason to expect a similar 
effect of water gain in the horizontally cast columns of this investigation, 
Therefore k; = 1.0 was adopted for this study. 

Sustained loading—A procedure for predicting the maximum load that an 
eccentrically loaded column can sustain indefinitely may be based either on 
the conditions at failure under sustained loading or on the initial strains at 
first loading. 

In the discussion of the test data it was indicated that the load on columns 
which failed under sustained loading produced initial concrete strains of 
0.00231 or more at first loading. Accordingly, the critical strain ¢€., = 0.0023 
could also be adopted as a criterion for evaluating the ultimate sustained load 
However, the experimental evidence regarding the existence of an initial 
critical strain is limited to only six failures under sustained loading of this 
investigation. It was decided, therefore, to base the analytical studies of this 
report on the ultimate rather than on the critical strain. 

It is well known that the compressive strains in concrete increase as a 


result of creep. In previous tests with sustained overloads on concentrically 


loaded columns‘ and cylinders,’ compressive strains substantially in excess 
of 0.0038 were observed before failure. Similar findings are reported in this 
paper. It has been shown in the section on ultimate strains that, at failure 
of eccentrically loaded columns under sustained loading, the maximum con- 
crete strains are roughly twice as large as those at failure under fast loading. 
It can be shown that the ultimate load is not very sensitive to the magnitude 
of the ultimate strain, and a value of ¢«, = 0.0076 may therefore be adopted 
as an approximate criterion for the ultimate sustained load. 

The ultimate column strength under sustained loading may then be com- 
puted on the basis of assumptions similar to those made for fast loading. 

1. The distribution of compressive stresses in the concrete is undoubtedly affected 
by ereep to some extent. Since information regarding such quantitative effects of 
creep is limited, it is assumed for the purpose of computing the ultimate load that th 
shape of the concrete stress-block is not affected by creep. The parameters k; and k 
may then be computed from Eq. (3) for sustained as well as for fast loading. 

2. Since the difference between the ultimate loads for sustained and fast loading is 
relatively small, the assumption of the absence of tension stresses in concrete should be 
applicable also to sustained loading. 

3. No test data are available on the effect of high overloads on the strain distribution 
across a column. Studies of the test data from this investigation have shown, however, 
that ultimate sustained loads and the corresponding steel stresses computed with the 
aid of Bernoulli’s hypothesis agree reasonably well with the test data. 

4. The assumption of no general slip seems to be applicable equally weil to sustained 
loading as to fast loading. 

5. The stress-strain relationship for steel is not affected by time. 

Since assumptions | through 5 are similar to those for fast loading, t! 
ultimate sustained load may be computed from Eq. (1) and (2). The pri 
cipal difference between the two types of loading lies in the values of the ult 
mate strain ¢, and the value of the parameter k;._ In accord with the prece 
ing paragraphs, an ultimate strain ¢, = 0.0076 was chosen for sustain: 
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ding. The ratio k2/k; is given by Eq. (3b) as approximately 0.55, so that 

- value of kz; may be computed from Eq. (1) for any column which failed 

a tension failure. An average value of / 0.9 was found in this manne 
from the test data. 

For fast loading, kz; = 1.0 was found to give good agreement with the test 
data. Since both values of k; are based on the conventional cylinder strength 
f.’, the flexural compressive strength for sustained loading may have been 
equal to about 0.9 times the value for fast loading. A similar conclusion for 
cylinders was reached by Shank, who reported that the ultimate sustained 
load strength of concrete cylinders is equal to 0.9 f.’ 

The mode of failure can be different for sustained than for fast loading, 


since the stress in the tension steel is a direct function of €, |see Eq. (2c)|, and 
e, is greater for sustained loading than for fast loading. Therefore, columns 
failing in compression under fast loading can in some cases fail in tension undet 
sustained loading. 

Fast loading after sustained loading—The ultimate load of a column sub- 
jected to sustained loading and subsequently loaded to failure with fast load- 
ing may also be computed from Eq. (1), (2), and (3), if the ultimate strain 
e, and the parameter k; are properly chosen. 

It has been shown in the discussion of the test data that the concrete strain 
caused by fast loading is roughly independent of the previous history of 
loading. Thus the ultimate strain ¢, for columns subjected to fast loading 
after a period of sustained loading may be computed as the sum of the creep 
strain and 0.0038. For the purposes of this study, the creep strain actually 
observed in tests was used in evaluating the ultimate strain e,. 

A value of k; = 1.0 was found to give good computed values of the ulti- 
mate load, thus indicating that the flexural compressive strength for fast 
loading is not affected by preceding creep deformations. 

Slow loading—The magnitude of the ultimate load for a column subjected 
to slow loading depends on the length of the time intervals between load in- 
crements. Its upper and lower limits are given by fast and sustained loading 


Ultimate deflections 


Eq. (1) and (2) contain the eccentricity of load at failure, e’, which in- 
cludes both the original eccentricity and the ultimate deflection. Thus, the 
deflection at failure is needed for computing the ultimate load of an eccen- 
trically loaded column. 

For a prismatic column loaded with equal eccentricities at both ends, the 
relationship between the deflection at mid-height and the ultimate strain e 
may be expressed approximately as follows: 

a 


¢.%3 


where / is the free length of the column and ¢ the depth of the neutral axis. 
The columns of this investigation had a prismatic shaft with capitals at 
both ends. Thus, in addition to the deflection of the shaft {[Eq. (4a)], the 
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total column deflection includes the contribution of the capitals, which may be 
approximated by the following expression: 
€u 


+ 0.05 (4I 
0.0038 


where a is the length of the column capital. The first term in Eq. (4b) was 
derived assuming infinite rigidity of the capitals. The second term is em- 
pirical and accounts for cracking of the capitals. The total deflection of the 
column at mid-height may be computed by adding Eq. (4a) and (4b). Since 
1 = 20 in. and a = 10 in., the ultimate mid-height deflections of the columns 
of this investigation with respect to the line of load may be computed from: 


« {0.38 2 
- + 0.05 (4e 
0.0038 \ ¢ 


where the depth of neutral axis c is expressed in inches. 


Comparison between computed values and test data 
Ultimate loads, deflections, and steel stress were computed from Eq. (| 


to (4) for all columns subjected to fast loading, to sustained loading, and to 
fast loading following a period of sustained loading. Values computed for 
each column with the strengths of concrete at failure (Table 3) and with the 
eccentricities as given by Eq. (4c) are listed in Table 5, together with the 
corresponding test data and the ratios of measured to calculated values. 

The arithmetic average of the ratios of measured to computed ultimate 
loads for all columns listed in Table 5 is 1.008 and the standard deviation 
is 0.075. The correlation is equally good for all three types of loading. 

Two quantities are listed in Table 5 for deflections at mid-height: the 
deflections of the prismatic shaft and those of the columm. For the prismatic 
shaft, test values are given only for those columns for which complete measure- 
ments were taken at the instant of failure, since errors in extrapolation were 
judged prohibitively large. The agreement between the computed and test 
values for deflections is not as good as for ultimate loads, but the computed 
values are sufficiently accurate for calculating the eccentricity of load at 
failure. 

The stresses in the tension steel at failure are given in the last column 
The test values were computed from average bar strains obtained by correct- 
ing the strains measured on the surface of the bar; the average strains were 
then multiplied by the modulus of elasticity determined from tests of coupons 
The calculated stresses are in reasonably good agreement with the test values 


Application in ultimate strength design 

The principal object of this investigation was to determine which portio: 
of the ultimate strength under fast loading an eccentrically loaded colum: 
can sustain indefinitely. This is of considerable fundamental importance 
ultimate strength design. If the ultimate strength under sustained loading 
were appreciably lower than the strength under fast loading, then it wou 
not be entirely satisfactory to base safety on fast-load strength. Most of t! 


1 A IP NEI Mi MING 9 4 





STRENGTH OF ECCENTRICALLY LOADED COLUMNS 745 


TABLE 5—COMPARISON OF CALCULATED VALUES WITH TEST DATA* 


Ultimate loads Deflection of shaft, y-’ Deflection of column, y-| Tension stee! stress 
mn Type of | Cale., | Test, Test Cale. Test,t rest Cale Test Test Cale Test.t lest 
, loading | kips kips | Cale. in. in. Cale in in Cal ksi | | 


Columns with moderate eccentricities 


11 0.073 0.196 
09 «(0.164 0.429 
03 0.173 0.449 


98 0.073 0.196 
95 | 0.077 0.203 
04 | 0.107 094 O.88 = 0.291 


10 0.069 0.189 
07 | 0.149 0.398 
06 0.150 0.399 


91 0.065 0.181 
93 | 0.135 0.370 
92 | 0.092 0.252 


06 0.069 0.188 
09 | 0.128 0.342 
9g 0.165 0.437 


50BIb ¥ 5. f 10 | 0.071 0.191 
$b SU Py 3.¢ 9 £ 14 0.151 2 0.397 
4b SU 2.4 ¢ 96 167 0.424 


Average FA 03 
Average SU 00 
Average SU + F 04 


Columns with small eccentricities 


03 | 0.051 0.152 
95 0.100 0.299 
03 0.133 0.402 


O02 0.053 0.156 
OS 0.101 0.302 


01 051 0.151 
OS 090 0.273 
93 093 0.278 


04 052 0.153 
88 058 0.166 


‘lb ¥. 58! f 92 059 0.167 
tb =| SU PA! 57 d 83 123 0.363 
ib SU "A! 55.6 f 02 118 0.344 

Average 98 

Average 07 

Average SU + FA 98 


Over-all Average FA 01 

Over-all Average SU 99 O04 

Over-all Average SU + FA 01 97 

*All calculated values are based on the concrete strengths f-’ at failure (Table 3) and the 
trom Eq. (4¢). 

tMeasured values only, no extrapolation involved 

tComputed from measured strains corrected to the centerline of bars: 43.3 ksi yield point 


thousands of tests to failure available for reinforced concrete members were. 
of course, made with fast loading. 


Since the yield strength of mild steel reinforcement is negligibly affected 


by time, there is little reason for concern regarding the sustained-load strength 
of columns with large eccentricities. In this case, ultimate strength is con- 
trolled by yielding of the reinforcement, and changes in the internal moment 
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arm resulting from creep even at high loads is unlikely to cause any decres 
of importance in the ultimate load. The columns discussed herein 
therefore designed for balanced and compression failures only. 

Test data given in Table 4 for six columns that failed under sustai 
loading indicate a sustained-load strength equal to an average of 89 percent 
of the strength of companion columns tested under fast loading. Similarly, 
13 columns sustained without failure loads equal to an average of 88 percent 


were 


of the fast-load strength of companion columns. For these latter 13 columns, 
the ultimate strength as compared to fast loading was little affected when 
they were loaded fast to failure after the period of sustained loading. This 
extends the previous findings** that sustained working loads do not appreciably 
affect ultimate strength. 

The significance of sustained loading to ultimate strength design may also 
be studied in terms of ultimate strength equations suggested for practical 
application, such as those presented by C. S. Whitney :* 

For compression failures 


2A,’ f, bt f.' 
P= 4 
- 3te 


—+ 1.18 


ad? 


For tension failures with symmetrical reinforcement 


fe a he A ‘ 
P = 0.85 tb f.' - 0.5) + —— — 0.5 
; | t t bt O.85f t 


which is Eq. (1) with ke/k; = 4% and kz; = 0.85. It is important to note that 
Eq. (5) and (6) were derived from vertically cast columns. Thus, the smal! 
horizontally cast columns of this investigation should, for fast loading, be 
somewhat stronger than predicted by these equations. 

Table 6 gives sustained loads, measured ultimate loads, and ultimate loads 
computed by Whitney’s Eq. (5) and (6). The initially applied eccentricity 
plus the measured mid-height deflection at failure were used as e in the com- 
putations. The table shows that the average ratio of sustained load to the 
Whitney ultimate load was 0.99 for the six columns that failed under sustained 
loading, and 0.98 for the 13 columns that carried the sustained loads without 
failure. The average ratio of measured ultimate strength to the Whitney 
ultimate was 1.07 for the 13 fast-load columns, and 1.04 for all 44 columns 
tested; the ratios for the individual columns ranged from 0.86 to 1.16. 

Fig. 8 gives the ratio of sustained load to the Whitney ultimate load as a 
function of the duration of sustained loading. It should be noted that the 
open circles represent sustained loadings that were maintained without failure 

The values in Table 6 and Fig. 8 were computed with the eccentricities at 
failure. In ultimate load design, however, the ultimate loads would ordi- 
narily be computed with the original eccentricities only. Neglecting the mid- 
height deflections at failure, the ratio of sustained load to the Whitney ulti- 
mate load would decrease approximately 10 percent. 

In ultimate strength design of columns an overload factor of about two 
may be expected to be used. If a high sustained overload should occur, this 


il 
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TABLE 6—COMPARISON WITH WHITNEY’S EQUATIONS 


Ultimate 
Type Sus- loac 
of tained 
load- load, | Test, | Whit- 
ing kips ney,* 


kips 


4b 


SOBla 
2a 
$a 
4a 


5OBIb 
2b 
3b 
th 





*Based on the cylinder strengths /-’ 
height deflections at failure (Table 3). 
tFailed under sustained loading. 


overload factor would reduce to about 1.7 so that ample safety would st 
be provided. Furthermore, in structures where high sustained overloads 
be of future concern, this should be provided for simply by choosing 


ciently high design loading, not by infringing knowingly upon the 
safety. 


w 





°o 


Fig. 8— Comparison of 
sustained loads to ulti- 
mate loads (Computed by 
C. S. Whitney’s equations) 











ustained Load / Ultimate Strength by Eqs.5¢6 


S 
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By this reasoning, it seems entirely satisfactory to base ultimate streng‘| 
design on ultimate strength equations substantiated by numerous fast-lo 
tests to failure. 

The lateral deflection at failure increases with increasing slenderness 
the column. Thus for longer columns it may not be satisfactory to negle 
the effect of deflection on column capacity. Studies of the strength of slende 
columns are in progress. 

SUMMARY 

Forty-four eccentrically loaded reinforced concrete columns were tested to 
determine how large a percentage of the ultimate loads obtained with fast 
loading can be sustained indefinitely. To determine this ratio between the 
strength for sustained and for fast loading, 13 columns were subjected to fast 
loading, 12 columns to slow loading, and 19 columns to sustained loading. The 
sustained loads were equal to 82-95 percent of the ultimate load for fast load- 
ing. Among the 19 columns subjected to sustained loading six failed under 
load, while the behavior of the remaining 13 columns indicated that the sus 
tained load could be carried indefinitely. 

The concrete strength, the initial eccentricity, and the manner of loading 
were the primary variables. The duration of the sustained load test varied 
from column to column. The failures caused by sustained load occurred in 
the period of 1% hr to 151 days. For the columns which did not fail under 
sustained load, the shortest period of loading was 217 days and the longest 
period was 933 days. 


On the average, the columns of this investigation were able to carry a sus- 
tained load of about 90 percent of the ultimate load for fast loading, regardless 
of concrete strength and eccentricity. The smallest failure load under sustained 
loading was equal to 82.6 percent, and the highest load sustained without 
failure was 94.0 percent of the ultimate load of companion specimens tested to 
failure with fast loading. 


The results of tests with fast loading were in good agreement with earlier 
findings. The results of tests with sustained loading led to an extension of the 
Illinois 1951 analysis for eccentrically loaded columns.' This extension per- 
mits prediction of the ultimate sustained load of an eccentrically loaded rein- 
forced concrete column and the ultimate load for columns subjected to fast 
loading after a period of sustained loading. A somewhat less accurate, but 
for most practical purposes adequate, prediction of ultimate sustained load 
may be made with the simpler Whitney equations. 

The 10 percent decrease of the column strength caused by leng duration of 
loading is well within the range of accuracy of various design assumptions. 
Furthermore, comparison with Whitney’s practical ultimate strength equa- 
tions indicate that such equations insure adequate factors of safety for short 
columns subjected to high sustained loads. It seems satisfactory, therefor 
to base safety in ultimate strength design on the ultimate strength equation> 
for fast (short-time) loading, which loading has been used in most tests 0! 
reinforced concrete members. 
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APPENDIX 


PILOT TESTS OF COLUMNS WITH SUSTAINED 
ECCENTRIC MODERATE OVERLOADS 


Summary 


The tests of four eccentrically and one concentrically loaded tied columns 
reported in this appendix were undertaken to study two major phenomena: 
(a) the behavior of such columns under sustained moderate overloads, and (b 
the effect of a period of sustained loading on the ultimate strength. 

Within the specific limitations of these tests, the following conclusions 
may be made: 

1. During the period of sustained loading the strains in the tension steel changed 
very little, while the strains in the compression steel and on the compression face of the 
concrete as well as the lateral deflection increased considerably 


2. Evidence of a variation in concrete strength over the column height was observed 


“. 
9 
». 


The strain distribution across the column cross section remained fairly linear 
during the creep deformations. 
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Fig. 9—Columns under sustained loads 


The creep deformations came practically to rest after about one year. 
No signs of distress appeared during the period of sustained loading 
During unloading after a period of sustained loading, cracks appeared on the 
“eompression’’ face of the columns. These cracks closed again during reloading and 
appeared to be as harmless as the cracks normally found near tension reinforcement 
7. In the tests to failure, the columns which had been subject to a period of sus- 
tained loading were at least equally strong as the corresponding companion columns 
stored without load. 
8. The strength of a tied column with unsymmetrical reinforcement tested to failure 
with flat ends was in general agreement with the equation for concentrically loaded 


columns. 


Object and scope 

The object of the pilot tests reported herein was to investigate the effect of sustained moder- 
ate overloads on the behavior and strength of eccentrically loaded columns. Hence, two 
major phenomena were involved: (a) the behavior of columns subject to sustained loads, and 
(b) the effect of a period of sustained loading on the ultimate strength as measured in a sub- 
sequent fast-load test to failure. Two columns designated B9c and B10c, were subjected t 
sustained loads 62.5 and 65 percent, respectively, of the short-time strength computed on thi 
basis of the 28-day cylinder strength. The sustained loads were maintained for about 500 
days. After this period, the loads were removed and both columns tested to failure with fast 
loading. Two companion columns, designated B9d and B10d, were stored the same 500 da 
without load and were tested to failure with fast loading the same day as the correspond 
sustained load columns. 

The tests were an extension of the 1951 Illinois investigation of eccentrically loaded, rei 
forced concrete columns tested to failure with fast loading. Accordingly, columns B9c a1 
B9d corresponded to columns B9a and B9d of the 1951 tests, and columns B10c and BI' 
corresponded to columns B10a and B10b. All four columns were 10 in. square, 75 in. long 
reinforced with eight 5-in. bars, made with a 3000-psi concrete, and loaded at eccentriciti: 
from the centerline of the column to the load line of 7.5 and 12.5 in., respectively.* 


*For other details see Fig. 4 and Fig. 5 in reference 1 
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In addition, one column designated Ble, reinforced with four 54-in. and two 14-in. bars was 
vaded to failure in a short-time test with “flat ends”’ to study the effect of end conditions on 
1e strength of concentrically loaded columns. 


Materials, fabrication, and test methods 


The same materials as reported for the 1951 tests were used.' The 5%-in. reinforcing bars 
had a yield point of 43,600 psi. The concrete strengths at 28 days and at test to failure are 
given in Table 7 as an average of about nine 6 x 12-in. cylinders. 

The reinforcement was prepared and the columns were cast in pairs in steel forms in the 
same manner as described in the 1951 report.! One electric SR-4 gage of type A-11 with 1-in 


5 


gage length was mounted on each 5-in. longitudinal bar prior to casting. In addition, plugs 
for a 6-in. mechanical Berry gage were prepared in the columns subjected to sustained loads 
All columns were cured wet for 7 days, and were then stored in the laboratory. 

Columns B9c and B10c were subjected to sustained loads at, an age of 28 days by means 
of tie rods and springs as shown in Fig. 9. The following quantities were observed as a function 
of time: (1) strains on the concrete surface, (2) strains in the tension and compression steel, 
3) lateral deflections in the plane of eccentricity, and (4) deflections of the loading springs 

The loading springs were tightened at intervals so as to maintain the sustained load within 
+ 3 percent. As the springs were calibrated prior to the test, all measured quantities were 
corrected to the exact sustained load by linear interpolation of the corresponding quantities for 
the last increment of loading before the sustained load was reached. The springs returned to 
their original length after completion of the test. The strains in the reinforcement measured 
by electric gages were corrected for changes in the zero-point of the SR-4 indicator used as 
well as for the effect of the local removal of bar deformations indicated in Fig. 3b of reference | 

Columns B9d and B10d were stored without any load. Strains in the reinforcement due to 
shrinkage were observed as a function of time. 

A few hours before the final test to failure, the sustained loads were removed, and all columns 
were loaded to failure through knife-edges in a 3,000,000-lb hydraulic testing machine as in the 
1951 tests.! 


Behavior of columns under sustained loads 


At the age of 28 days, columns B9c and B10c were subjected to sustained loads 62.5 and 65 
percent, respectively, of the theoretical ultimate loads at that age (Table 7).* At these loads, 
the stresses in the tension reinforcement of both columns were about 30,000 psi. 

The various measured deformations are presented in Fig. 10 as functions of time. It is seen 
that the strains in the tension steel changed very little, while the strains in the compression 


*The loads were computed from Eq. (1) with ki/k2 = 0.55, k 0.85 and f-’ as given in Table 7 for 28 days; the 
deflection at failure was assumed as 0.50 in 


TABLE 7—TEST RESULTS 


Cylinder strength 
f.’, psi, at Sustained load rest to failure 
Pale, ; 
Column é 28 days,* Percent of Test Cale 
No. 28 days | Failure kips Days Kips P 28 kips kips 
days 


R9e 3650 3450 5 88.0 153 
B9d 3650 34! i 88.0 0 


B10e 2940 


B10d 2040 


Ble 4220 


*Calculated short-time ultimate load at 28 days. 
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Fig. 10—Deformations under sustained loading 





STRENGTH OF ECCENTRICALLY LOADED COLUMNS 


153 
inforcement and on the compression face of the concrete as well as lateral deflections in- 
reased considerably. 


These movements came practically to rest after about one year 


It was noted in the 1951 tests that a differential in strength existed over the column height 
jue to the vertical casting position. 


A similar phenomenon was observed in the present tests 
s shown in Fig. 11a and b, indicating larger strains in the concrete near the top of the columns 
nd relatively larger deflections in the upper half 


The distributions of strains across the column sections are given in Fig 


lle and d A fairly 
near distribution of strains was found at all times 


The relatively strains in the com- 


low 


p- 9 ty 
8 kig 











Fig. 11—Distribution of deformations 
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ession steel are probably due to the fact that the strains in the reinforcement were measured 
ar mid-depth of the columns, while the concrete strains are given as the average of several 
we lines at the top, center, and bottom of the prismatic shaft 

No signs ol distress were observed throughout the period of sustained loading 


Tests to failure 


Columns B9c and B10c were unloaded a few hours before the tests to failure At loads 


bout one-third of the sustained load, cracks appeared on the ‘‘compression’’ faces of both 


olumns at about the same 4-in. spacing as that which appeared on the tension face during 


oading. This crack formation was by no means serious. During reloading in the testing 


machine, the cracks closed up at low loads 


During the final test to failure, both the columns stored with sustained loads and thos 
stored unloaded appeared to the eye to behave in a manner similar to th 


it of the corresponding 
olumns B9 and B10 in the 1951 tests. 


The test and theoretical values of ultimate loads are given in Table 7. The theoretical \ 
vere computed from Eq. (1) with the concrete strength at the time of test to { 


‘ ilure 
ired eccentricity at failure (Fig. 12a and b), and with ky/k; = 0.55 and | 0.85; this m 


of calculating the ultimate load is identical with that of the 1951 re port 
columns B10c and B10d were nearly the same as the computed val T 


1 Values 


B9c and B9d seem to indicate that the period of sustained loading may have strengthens 


umn B9c; however, the difference in the computed and measured ultimate strengths is 
the range of scatter to be expected in this type ol test 

The lateral deflections of columns B9 and B10 during the test to failure 
12a and b. All columns failed initially by vielding of the tension steel, and the n 
was reached when the concrete failed in compression. For columns B9, buckling of the 
pression steel took place at a deflection of about 1.0 in., while the tests of columns B10 
discontinued before buckling took place 

Strains measured during the tests to failure are presented in Fig. 12 


« and d 


B9d and B10d, which were stored without load, the initial strains were caused b 


shrink 
During the unloading and reloading of columns B9c and B10c, which had been stored 
sustained loads, hysteresis loops appeared. These loops were not parallel to the initial loadi: 
curves because of the tension cracking of the concrete on the compression tace during 
loading and the closing of these cracks during reloading. Thus, during reloading 

B9e and B10c were more flexible than the corresponding companion specimens. Wher 
beyond the sustained load level, however, these columns deformed in a manner simila 


of the companion specimens 


Column with flat ends 


It was found in the 1951 tests! that tied columns loaded 
vere 10 to 15 percent weaker than computed from the 
P = 085 A.f! + Auf, 


This was explained as being due to the fact that i pr illy impossibl 


; 


Lain 


to ot 


oncentric loading through knife edges 


In the tests reported herein, one column, Ble, was loaded to failure with flat ends This 


‘olumn had an unsymmetrical reinforcement consisting of four 5¢-in. bars on one side, tw 


{-in. bars on the other side. Nevertheless, the column appeared to have been concentrically 


oaded as the ultimate load was 6 percent over that predicted by Eq. (7) [Table 7] 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNAL. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 








Title No. 52-46 


Two Prestressed Concrete Bridges with Hollow 
Girders of Precast Vacuum-Treated Elements > 


By R. MORANDIt and F. PICCININ!4 


SYNOPSIS 


Main girders, composed of precast vacuum concrete elements, for two 
bridges in Sicily were prestressed with a new patented system. The bridges, 
designed for heavy traffic, are remarkable for their light and slender con- 
struction, which presents a record for the minimum amount of concrete needed. 


DESCRIPTION OF THE WORK 


State road No. 114 in Sicily (Orientale Sicula, linking the towns of Messina 
and Catania) crosses a series of wide torrents (fiumare), which required the 
construction of long bridges for both the road and the railway. 

Two of these torrents, the Agré and the Fiumedinisi, are traversed by two 
bridges, comprising in all one span of 56 ft 7 in., one span of 56 ft 8 in., two 
spans of 54 ft 11 in., and 17 spans of 69 ft 8 in. 

The ANAS (Italian State Department for state roads), having the task 
of rebuilding and widening the two bridges, stated among other things that 
during construction traffic should be maintained on a road section of 
appropriate width. 

Prestressed concrete girder bridges were planned, consisting of a series of 
five parallel ribs of standard section for all spans. The design was such 
that the two ribs placed outside the old roadway formed a temporary road 
10 ft 6 in. wide so that the existing bridge might be demolished and the re- 
maining three ribs placed to complete the work. Total bridge width is 29 ft 
6% in. 

The five hollow ribs, of ovoidal section and a constant height of 3 ft 7% 
in., were set side by side (Fig. 1) and linked together by the slab above, 
by the transverse end beams, and by a system of intermediate transverse 
walls. Prestressing cables, each of 18 wires 0.197 in. in diameter, run 
longitudinally through the 3%5¢, in. thick walls of the ribs (Fig. 2). 

Design stresses and loads 

The design contemplated that the cables would be subjected to a tensile 
stress of such a value that in every section (apart from the safety factors 

*Received by the Institute June 20, 1955. Title No. 52-46 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 27, No. 7, Mar. 1956, Proceedings V. 52. Separate prints are available at 50 cents each 
Discussion (copies in triplicate) should reach the Institute not later than July 1, 1956. Address 18263 W. MeNichols 
Road Detroit 19, Mich. 


tCivil Engineer, Rome, Italy—Designer of the bridges 
{Civil Engineer and Manager, Ferrocemento—Ing. Mantelli & Ci, Rome, Italy—Contractor 
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Fig. 3—Detail of ends of girders. Inset—Bridge over the Fiumedinisi showing 
girders in place with openings between headpieces 


mentioned later) the algebraic sum of the tensions (produced by prestressing, 
by dead load, and by a live load such as that caused by a column of 12-ton 
motor vehicles) induced at the bottom fibers would be equal to zero. In 
this case, for a tensile stress in the steel cables of 150,000 psi, the resulting 
maximum stresses in the concrete were 1890 psi at the top fibers and 140 psi 
at the bottom fibers. On the other hand, when the girder was not subjected 
to the live load, the stresses were 400 psi at the top and 1790 psi at the bottom. 
The resultant shearing stresses were in every case below the maximum value 
of 155 psi. 


Regarding the tension in the headpiece arising from the locking of the 


prestressing cables, a maximum compressive stress of about 1565 psi was 
assumed between the metal end plate and the concrete wall. 


The headpiece consisted of a girder with an average thickness of 1 ft, which 
linked transversally the various ribs. A hollow truncated pyramid was left 
between headpieces at each pier for easy access to prestressing anchorages 
(Fig. 3). The headpiece was subjected to principal tensions as follows. The 
anchorages were divided into five groups, of which the four lower ones com- 
prised six locking cones, each with three wires (altogether, 18 wires of 0.197 
in. diameter), and the upper one with three cones (altogether, 9 wires of 
0.197 in. diameter). Applying the rule of the symmetrical prism—that is, 
relating the pressure from an anchorage to a prism whose longitudinal axis 
passes through the center of the anchorage—the tensions of said prism are 
symmetrical with respect to the said axis and are maximum for the given 
interaxis of the various anchorages. In such a case, the distance of the 
maximum tension from the point of application of the force at the external 
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face of the headpiece is 3% in., and the maximum single stress in the prisn 
is 188 psi. 

Safety factors were used to guarantee a suitable margin between the work 
ing conditions and those under which the first cracks are produced and those 
which cause collapse of the beam. A further margin allowed for loss of 
stress in the cables due to creep of the steel and of the concrete. 

To avoid cracks, a residual compressive stress of at least 150 psi was as- 
sumed in the whole of the bottom fiber of the girder on application of the 
live loads that determine the maximum bending moment. 

Load causing failure—The live load must reach four times the maximum 
calculated value to result in the crushing of the concrete at an assumed 
strength of 5700 psi. 

Creep—An increase of 10 percent in the quantity of steel was allowed for. 
The resulting characteristic indices for the structure (for the girders 69 ft 
3 in. long) are: 

i= h/l = 0.05 

Concrete per sq ft of bridge = 0.886 cu ft 

Cold-drawn wire per sq ft of bridge = 3.42 lb 

Mild steel per sq ft of bridge = 3.69 lb 

Regarding the safety factor for creep, the small increase in the quantity 
of steel, as compared with that found in regular practice, was due to the 
adoption of the “Italian Morandi” prestressing system (Sistema Italiano 
Morandi). 

The main characteristic of this system is that a few months after cables 
have been put under tension, the prestressing forces are corrected and brought 
once more to the calculated values, thus eliminating the loss of tension due 
to creep of the steel and plastic flow in the concrete, the greater part of which 
occurs at the beginning of the life of the structure. 


Prestressing device 


The locking devices were arranged in such a manner that it was possible 
to reach the final amount of tension in the cables through intermediate stages. 
The Morandi system allows the prestressing force to be applied by degrees 
and its value to be corrected within a few months after completion of the 
work. A simple mechanical device allows measurements to be taken readily 
of the actual tension in each of the wires of the various cables. 
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The tensioning and locking device consists of the following parts. 

Locking element—This consists of a hard steel tube, the inside of which 
provides a seat for the pin, also of hard steel, and adequate for the locking 
f three wires (Fig. 4). 

Jack—lIt is of special shape, with annular compression chamber, into which 
the ends of the wires pass and are gripped at the head of the jack by a gudgeon 
pin of special manufacture (Fig. 5). 

Locking gear for the tube—By means of a special movable ring, the tube 
may either be held fixed to the steel plate (before the tensioning operation), 
or be left free to shift back, together with the wires (an operation that gives 
a direct reading of the tensions), or else be relocked to the plate for the actual 
subsequent operation of unlocking the wires and resetting the tension. 


METHOD OF CONSTRUCTION 


As already mentioned, the bridge piers and abutments were already in 
existence, and it was only necessary to enlarge them. Concrete with a cement 
content of 340 lb of cement per cu yd of aggregate was used. The foundations 
were sunk to the same depth as that of pre-existing parts, down to a firm 
alluvial bank that will not be liable to undermining when the torrents are 
in spate. 

The prestressed girders were made from concrete having a cement content 
of 590 lb of high-strength cement per cu yd of a mixture of sand and different- 
sized gravel of ternary grading, according to the Faury method. Each of 
the five ribs that make up the single girder was constructed from precast 
elements, 7 ft 25 in. long. The units were cast in vertical metal molds 
(Fig. 6) similar, as regards working and mechanical details, to those normally 
used for concrete pipe. 


Fig. 6—Casting an element 
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Inside the molds were placed, besides the secondary reinforcement of mild 
steel, straight steel bars which were withdrawn after the casting and vacuum 
treatment so as to leave cavities for the insertion of prestressing cables 
Vacuum treatment also ensured removal from the concrete of all excess ai: 
and water added in the process of casting. 


The thinness of the walls, as well as the considerable obstruction caused 
by the “spindles” forming the holes to carry the prestressing cables, called 
for the solution of some practical difficulties, especially the exact calculation 
of vibration times, the choice of the most appropriate grading of the aggre- 
gate for giving the greatest strength, and correcting a tendency toward non- 
uniform distribution of mortar in the concrete mass due to vacuum pro- 


cessing. Vacuum processing tended to supply an excess of cement mortar 
to some parts of the mass, to the detriment of others. A series of tests and 
improvements of details made it possible to eliminate this difficulty completely. 

The crushing strength of the concrete reached its prescribed minimum 
value of 5700 psi and, after the test period, showed almost perfectly constant 
behavior. 

All elements of the ribs were built in a suitably equipped yard about 19 
miles from the bridge site. The casting site was provided with equipment 
for grading and mixing the aggregate, mixing plant, casting yard, equipment 
for vacuum processing, and curing yard. 

In all, 950 elements were precast. After each batch of elements had cured 
for 15 days, they were trucked to areas close to the end abutments of the 
two bridges. 

The various elements constituting a rib were set up in a row with about 
5 in. between their ends. The steel wires for the prestressing cables were 
threaded three at a time, care being taken that each set of three wires main- 
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ained the same relative position throughout the whole length of the holes 
o that during tensioning abnormal friction losses would not occur. 

The steel had a tensile strength of 250,000 psi, while its elastic limit at 0.2 
percent offset was 210,000 psi (Fig. 7). The elongation on five diameters did 
not exceed 4.5 percent, and its elastic modulus was about 28,500,000 psi. 
[t was supplied in large-diameter rolls, which made it possible to thread them 
through the girders without preliminary straightening. 

After covering those sections of the cables in the space between elements 
to prevent bonding, the spaces were filled with concrete having the same 
characteristics as that of the precast elements, but with 675 lb of high-strength 
cement per cu yd. The object of this was to eliminate the differences in 
strength between this recently-added concrete and the vacuum treated and 
already cured precast elements. 

Seven days after the final casting, the steel was tensioned to 65 percent 
of the total tension, producing in each cable a primary stress of about 100,000 
psi. This stress was the maximum possible because the rib was not being 
subjected to all the permanent or dead load for which it was designed. In 
fact, all the transverse walls were missing, as well as part of the slab and the 
road foundation. It was with the rib in this state that the hoisting, trans- 
porting, and setting in place were carried out (Fig. 8 and 9). 

After the various ribs had been set side by side, the diaphragms between 
them were cast to provide transverse continuity to the whole system. Pre- 
stressing was then completed, working on one of the headpieces of each 
girder. At the same time, at the opposite headpiece, the loss in tension due 
to the friction along each cable was measured, the effect of which was elimi- 
nated by further tensioning. This last operation ensured that the prestress- 
ing forces induced in the two ends of each girder were identical. 


Fig. 8—Rib being pushed into place. One end rests on a roller, while the 
other end is carried by one of the hoists on a special portal jib crane 
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Fig. 9—Rib being lowered into final position by portal jib crane 


To allow continuous passage of vehicles during construction, the work 
was carried out in two stages. The existing steel bridge remained in use 
until a roadway 10 ft 6 in. wide, supported by two ribs only, had been con- 
structed. The steel bridge was then demolished and the rest of the roadway 
supported on the remaining three ribs. 

About 4 months after completion of the prestressing and the opening of the 
bridge to traffic, the prestressing tensions, which had dropped about 10 
percent due to creep in the steel and plastic flow in the concrete, were restored 
to their original values. On completion of this operation, cement mortar or 
grout was injected to protect the cables and the locking mechanisms were 
enclosed in concrete. 


FULL-SCALE MODEL TESTS 


In view of the special nature of this work, it was deemed advisable to 
precede the actual construction work by a series of practical tests on a mode! 
girder consisting of a rib having the same section as those to be constructed, 
but having’a span of 32 ft 10 in. 

For five consecutive months (the period that elapsed between the allocation 
of the work by ANAS and the beginning of the construction of the elements), 
periodic measurements were taken of the tension in the cables for the purpose 
of drawing up a diagram of the loss in tension due to creep during the period 
under observation (Fig. 10). 
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In addition, the girder was subjected daily to a concentrated load at its 
niddle section of such a value that maximum stresses in the concrete were 
lentical with those envisaged in the design for the bridges to be built. 

During the test period it was established that the apparent elastic modulus 
f the concrete fluctuated between 4,980,000 and 4,840,000 psi. 

Moreover, the girder is still under observation, since it is the intention to 
study, among other things, the deterioration of unprotected prestressing 
reinforcement which takes place in open air. Monthly measurements continue 
to be taken of the loss of tension due to creep, and the amount is negligible 
24 months after construction of the girder. It has so far been difficult to read, 
since it is of the same order of magnitude as the approximation used in taking 
the readings. 

To confirm the assumptions made in calculation of the breaking load, an 


experimental girder was constructed with a span of 68 ft 3 in., prestressed 


and loaded the same as those used in the two bridges, and built with precast 
units that seemed to have turned out rather less successfully than the ones 
used in the bridges. The girder was loaded to failure by means of a hydraulic 
draw coupling placed over the middle section. 


Summary of load test 

{st stage—Loading increased from zero to the value at which it was thought 
the first cracks should appear, producing at the bottom fiber a tensile stress 
of little more than 140 psi. Although subjected to continuous stresses, the 
girder proved to be almost perfectly elastic (with practically no residual 
deformation), and the theoretical average value of the elastic modulus of 
the concrete was found to be about 4,980,000 psi. 

2nd stage—From the end of the first stage to the appearance of the first 
cracks. The first cracks appeared much later than had been presumed. In 
fact, they occurred when the bottom fiber at the middle section was theoreti- 
cally subjected to a tensile stress of over 700 psi, and for a load of about twice 
the design load. 

At the moment when the first cracks appeared, the girder was found to 
be almost perfectly elastic, and the cracks closed up again so completely on 
withdrawal of the load that they could not be seen, even with the aid of a 
powerful lens. 

The theoretical average value of the elastic modulus of the concrete had 
diminished slightly to about 4,550,000 psi, since at cracking a permanent 
deformation began to be noticeable, equal to about 10 percent of the total 
amount. 

8rd stage (from cracking to collapse)—Collapse occurred under a loading 
slightly less than the theoretical loading, that is, at 3.5 times instead of 4 
times the load that had been designed for. 

The concrete broke and the girder collapsed so suddenly that it allowed no 
time to make even the roughest estimate of the theoretical average elastic 
modulus of the concrete at fracture. 
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The reason for the discrepancy between theoretical and actual failur 
loads probably lies in the fact that, especially for the middle section of the 
girder, those elements used in the test girder were “‘rejects’”’ not used in th 
bridges and had been cast during the early experimental stage of construction 
Effective crushing strength of that concrete was certainly less than 5700 psi 

£ g ‘ | 


In this respect it should be noted that with vacuum concrete the test 
cubes are seldom made under conditions that are the same as those for the 
whole structure, hence it is more difficult to use test specimens as a contro] 
indicator for crushing strength of concrete in the structure. 


Also the cables of the girder under test had not been grouted. Therefore, 
the adhesion between the cables and the concrete had to be assumed to be 
almost nil, and, as usual, the resulting cracks were few in nymber and closely) 
concentrated. 


This test also confirmed—as has already been noted in the course of a 
large number of tests carried out by the Italian National Research Council 
that the construction of a prestressed girder from precast elements is found 
to have no less resistance to tension because of the welding of the separate 
elements. In fact, in this particular instance, the cracks appeared equally 
and at exactly the same moment, both in the body of the elements and at the 
joints between them. 


CONCLUSION 


A year after their completion, the two bridges were loaded with a system 
of loads exactly equivalent to those calculated, increased by the dynamic 
coefficient. 


In a span of the bridge over the Fiumedinisi, the deflection in the middk 
section was 0.669 in. Such a deflection corresponds to an apparent aver 
age elastic modulus of 9,885,000 psi. 


A girder of the bridge over the Agrd torrent, showed a deflection of 0.41! 
in., With an apparent average elastic modulus of 10,070,000 psi. 


The apparent average elastic modulus turned out to be almost identical! 
and of the highest value for the two bridges, and the result of the tests exceeded 
the most optimistic expectation. 


The results of the tests, therefore, have been entirely favorabie, so that i! 
may be confidently stated that these bridges, which possess exception: 
characteristics as regards lightness and economy of materials, will fulfill thei 
task on a road carrying ever-increasing traffic. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 





Title No. 52-47 


Load Capacity of Concrete Beams in Bending’ 


By AKE HOLMBERG+ 


SYNOPSIS 


teviews past research by various investigators and arrives at two equations 


by which the load capacity of a concrete beam in bending may be estimated 


Consider a reinforced concrete beam in bending with the cross section 

shown in Fig. 1, and use the following notations: 
Young’s modulus for concrete Pp = ratio of steel area to effective concrete 

Young’s modulus for steel area 
moment in a beam actual strain in concrete 
ultimate moment in a beam actual strain in steel 
breadth of beam actual 
effective depth of beam compressive strength of concrete 
ratio of depth in compression to actual stress in steel 
effective depth stress in steel at ultimate load 


E,/E 


stress in concrete 


For an over-reinforced beam the straight-line stress theory 


k _ 


bd? 
According to Ros, and considering a probable lowering of FE, at high stresses 
one may write 
_ 150 4 
) 
Pon 
(using the units kg and cm) 
or 
_ _ 2100 + ocx 
n= iw 
ou 
(using the units lb and in. 
Consequently the straight-line stress theory is supposed to be correct. 
Studying so-called n-free methods, several authors have concluded that 
the stress-strain relation which is found in tests on prisms will be valid 
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Fig. 1—Beam cross section 


bent beams. But this is not the case. Herr and Vandegrift* have shown that 
the straight-line theory is a rather good approximation. Moreover they 
proved that the ultimate concrete stress exceeds the strength from com- 
pression tests. The extrapolated straight mean-line of the concrete stresses 
at ultimate load tends to a maximal value of about 1.5 times the compressive 
strength from tests. 


In consequence of this observation, the ultimate moment in an over- 
reinforced concrete beam becomes: 


In Eq. (5) the value of p with balanced reinforcement is found to be: 
| 


as — ; 
2 Sen = 
a ama l _ eee ous 
1.5 acy 1.50 Oey 


The stress-strain relation for steel in under-reinforced beams at larg 
moments is no longer linear, and so we have: 
E, Os € Oo; k 


{=2—s--— = ar 


E. “se ol—k_ 
Substituting Eq. (7) in Eq. (1): 
Os 
k = 2p- 
Oc 
and at ultimate bending moment: 
Osu 
Lua 


1.5 Geu 


Substituting Eq. (8a) in Eq. (4) for an under-reinforced beam: 


*Herr, L. A., and Vandegrift, L. E., “Studies of Compressive Stress Distribution in Simply Reinforced Cor 
crete Near the Point of Failure,” Proceedings, Highway Research Board, V. 30, 1950, pp. 114-125. 
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TABLE 2—EQ. (4) CHECKED BY TEST 
VALUES FROM GRANHOLM 


Beam oeu, ke ( ve) (*:) 
No. per sq cm \bd?/ecate \bd?/ obs 


SAS 60 

0280 321 
0105 194 
0159 230 
0197 194 
0230 

0267 


0335 


ee 
KOCanausl 


0104 y 1.14 
0156 2 0.9: 
0207 y 0.8% 
0255 y 1 
0128 | 2 1.0: 
0141 

0177 0 


Whom Crm Who 


Mean value 0.¢ 


TABLE 1—EQ. (4) CHECKED BY TEST 
VALUES FROM SLATER AND LYSE 


Beam P ocu, kg (= ) : ( Mu 
N per sq cm | bd? Jeate \bd? Jods 


98 
196 
286 
337 


0.021 | 
| 402 
| 


0.028 
0.037 


182 
290 
207 
194 
203 
198 
0.040 267 





Mean 
value 1.01 


M, Tsu ) 
— = DP Oey —_—7———— (9) 
bd? f 3 F 1.5 oe 


Eq. (4) is easily checked, using for example the test series by Slater and 
Lyse.* The results are shown in Table 1. 

Another test series by Granholm (Transactions, No. 38, Chalmers University 
of Technology, Sweden) may be used. The results are shown in Table 2. 


The agreement is very good and in fact too good. The following circum- 
stances are not taken into consideration: a probable discrepancy between 
cube compressive strength and cylinder compressive strength, the effect on 
n and on o,, of the loading rate, the effect on n of bond stresses or rather 
slip in beam portions between load and support, and the probable effect on 
the n-o., relation of different cement and aggregate qualities. Keeping 
all those circumstances in mind one need not expect a discrepancy between 
calculated and observed ultimate moments less than about 20 percent. 


*Slater, W. A., and Lyse, I., “Compressive Strength of Concrete in Flexure as Determined from Tests of Rein- 
forced Beams,” ACI Journat, June 1930, Proc. V. 26, pp. 831-874. 
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TABLE 3—EQ. (9) CHECKED BY TEST 
VALUES FROM GRANHOLM AND 
WITH o,,, = osyp 


Beam | oeu, kg ( ms) :( Mu 
No. jper sq em}|\ bd?) cate \bd?/ obs 
SAS 60 

0037 6110 

O112 | 6310 

0109 6040 

0105 5980 

0105 | 6000 

0107 6010 

0042 | 6100 

0055 6100 

0068 6100 

0082 | 6100 

0134 | 6100 

0113 5900 


te Ooh 


Or ator 


Mean value 0.¢ 


Concerning Eq. (9) there is some doubt of the proper value of o,,. To 
study this the author has used some of Granholm’s tests (loc. cit.) with under- 
reinforced beams, and as a trial has taken o,, = osyp. The results are shown 
in Table 3. 

Obviously the value of o,, was chosen too low. A correct value would be 
about 10 percent higher, which corresponds to a steel strain of about 3 to 3.5 
percent. 


According to\this investigation the load capacity of a concrete beam in 


bending may be estimated by Eq. (4) and (9), using a value of o,,, correspond- 
ing to an actual strain of 3 percent. In this way one should be able to do 
without so-called n-free methods which have not been fully verified by ob- 
served stress distribution. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNAL. In Proceedings V. 52 discussion immediately 
follows the June 1956 JouRNAL pages. 





Title No. 52-48 


Effect of Chemical Nature of Aggregate on Strength 
of Steam-Cured Portland Cement Mortars” 


By T. THORVALDSONt 


With mineralogical determinations by A. R. BYERST 
SYNOPSIS 


Portland cement mortars made with various minerals as aggregates (1 part 
cement to 4 parts aggregate by volume) were cured in saturated steam at 150 C. 
The tensile strengths were compared with those attained by curing at 21 C. 
Among the aggregates used were the soda-lime (albite-anorthite) series of 
feldspars as well as microcline and anorthoclase. Similar experiments were 
made with aggregates from some rocks of mixed mineralogical composition. 

It was found that the mineral composition of the aggregate influenced 
greatly the strength attained on autoclaving and to a lesser extent that at- 
tained at room temperature. 


INTRODUCTION 


The Annotated Bibliography on High-Pressure Steam Curing of Concrete 
and Related Subjects by Gonnerman! indicates the paucity of data on the 
influence of the mineral composition of the aggregate on the effect of steam 
curing of portland cement products. The early work on high-pressure steam 
curing had little reference to possible effects of the chemical nature of the 
aggregate, although R. J. Wig? stated that the sand used was “composed of 
flint grains having comparatively smooth surfaces.”’ The neglect of this 
factor may have been responsible for some discordant results obtained in the 
early work on the effects of steam curing. 


In the discussion of a paper by Pearson and Brickett,*’ F. O. Anderegg 
stated that the flexural strength of 2 x 2x 8-in. bars of 1:4 mix made with 
“dolomitic aggregate” cured at different temperatures up to 212 F and broken 
at 28 days decreased with the time and temperature of curing. Dalton G. 
Miller suggested that the observations “that some concretes cured at high 
temperatures do not develop strengths in excess of that normally cured may 
be indicative of insufficient active silica in the sand to bring this about.”” The 
writer, basing his conclusions on a number of joint papers with his co-workers 
at the University of Saskatchewan as well as unpublished studies, expressed 

*Received by the Institute Feb. 28. 1955. Title No. 52-48 is a part of copyrighted JourRNAL or THE AMERICAN 
Concrete Institvte. V. 27, No. 7, Mar. 1956, Proceedings V. 52. Separate prints are available at 50 cents each. 
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the opinion that while many physical and chemical processes contribute to 
the effect of high-pressure steam curing the increase in strength was for the 
most part due to the formation of a crystalline hydrated calcium silicate 
“formed mainly by the interaction of the lime, liberated by the hydration of 
the tricalcium silicate in the cement, with the silica of the aggregate.” He 
considered. that this view was confirmed by the low increase in strength of 
neat cement specimens and of test pieces made with a calcareous instead of a 
sileeous aggregate. In the authors’ closure to the discussion, Pearson and 
Brickett stated that a “‘review of the data shows that the remarkably high 
strengths were obtained only when siliceous aggregates were used.” Later, 
Menzel,‘ using aggregates of silica, limestone, marble, granite, feldspar, and 
others, demonstrated the value of finely divided silica for the production of 
high strengths by high-pressure steam curing. 


The experiments on the effect of mineralogical composition of aggregate 
described below were made in 1933-36. They were intended at the time as a 
preliminary to further work relating to the volume-stability of mortars in 
sulfate solutions. These projected studies were never completed. Consider- 
ing the great increase in commercial application of high-pressure steam curing 
to portland cement products, some of the experimental data given below may 
possibly still be of interest, in spite of their preliminary nature. 


EXPERIMENTAL 


Materials and procedure 


Two portland cements differing mainly in the CaO/SiO:, ratio were used. 
The potential compound compositions (in percent) caltulated from chemical 
analyses were as follows: 


Cement No. CS , 34 AF MgO CaSO, Ignition 


loss 


729 33 41 
627 41 30 


Selection of the 30 minerals used as aggregates was influenced by the avail- 
ability of fairly pure samples in the required quantity. The five “rock’’ 
aggregates were selected from a heterogeneous pile of “glacial float’’ used 
in the construction of buildings at the University of Saskatchewan. Samples 
were crushed to minus 8-mesh (Tyler) and sieved. The graded aggregates 
were then prepared on the basis of the available volumes of sieve fractions 
rather than design of mix, in the following proportions by volume: 


Mesh (Tyler) 


| 28-48 48-100 


‘‘Minerals”’ series, cc f 60 
“Rock” series, cc 50 50 
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lhe mortar mix was one volume portland cement* to four volumes of aggre- 
vate. The water-cement ratio was 0.72 by weight. This, with few exceptions, 

ve a nearly constant slump as determined on a standard flow table with a 

n. cone. Exceptions as to the water-cement ratio required to produce the 
same slump were: chert, 0.75; magnesite, 0.82; bauxite, 0.97. Barite gave 
abnormally high flow, possibly partly due to the effect of density, and wollas- 
tonite gave no flow, probably due to its fibrous condition. Cryolite gave a 
slight flash set but on further working gave about normal consistency. 

The laboratory room was kept at 21 C and at a relative humidity of about 
80 percent during the preparation of the briquets. Six briquets were made 
in each case and stored for 24 hr in the molds in the damp closet. Two briquets 
were then placed in a steam autoclave at 150 C for 24 or 48 hr and broken 
after cooling together with two blanks which had been stored at 21 C, in 
air of 100 percent relative humidity. The other two briquets were stored 
in water, in separate sealed vessels, and broken at a later date as indicated. 
The results were compared with the average value obtained with three differ- 
ent samples of quartz (smoky, milky, and rose quartz) referred to below as 
“normal strength.” 

Choice of the above experimental conditions was based on our previous 
findings® that portland cement-silica sand mortars, when autoclaved at 150 C 
at the age of 2 days, gave no regression in tensile strength during 24- to 48-hr 
treatments, while at 175 C, although the maximum strength was reached 


more rapidly, regression occurred after about 12 hr of autoclaving. 


Experimental results with pure minerals as aggregates 


The strength developed both in normal storage and by steam curing varied 
in many cases greatly with the mineral. The cryolite briquets at one day 
had barely enough strength to be handled and gained no strength either on 
curing in water or in the autoclave. Colemanite, which apparently reacted 
chemically with the cement,* developed strength slowly in water but had 
reached the same strength as the briquets with quartz aggregate in 14 months. 
Autoclaving at the age of one day gave no increase in strength. The bauxite 
briquets developed strength slowly but reached about 70 percent of the value 


for quartz in 14 months. The one-day briquets failed on autoclaving. Gypsum 
i J | 5 YI 


gave almost normal strength at 2 days, showed slight loss in strength on steam 
curing, and gave one-half of normal strength after storage in water for 14 
months. Fluorite gave almost normal strength in water but lost some strength 
on autoclaving. The apatite briquets behaved almost normally on curing in 
water but gave only 30 percent of the strength of the briquets with quartz 
on autoclaving. The data obtained with the other pure minerals are given in 
Table 1. 


*Calculated on basis of 85 Ib cement = 1 cu ft. 
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TABLE 1—TENSILE STRENGTHS (psi) OF BRIQUETS MADE WITH VARIOUS 
MINERALS AS AGGREGATES (1:4 BY VOLUME)* 


Aggregate Formula Stored in In damp closet In damp closs 
=9 


damp closet 24 hr; in 92 hr; 
52 hr autoclave at in water 


150 C—24 hr; 14 months 
broken at 52 hr 


Rose quartz 
Smoky quartz 
Milky quartz 
Flint 


Quartzite 


Chert 


Marble CaCO 
Magnesite MgCOs 
Barite BaSO, 
Chromite FeCr2O0, 
Ilmenite (FeTi)2O3 
Hematite FeO: 
Cyanite (kyanite) AlvOs: SiO2 
Sillimanite AlsOs3° SiOz 
Wollastonite CaSiOs 
Chrysolite MeFe) SiO, 
Nephelite NaAlSios 
Albite (Ab) NaAISi;Os 
Oligoclase AbsAn; 
Andesine AbsAn» 
Labradorite AbiAn: 
Bytownite Ab:An; 


Anorthite (An) CaAlSi2Os 


Anorthoclase Na, K) AlSisOs 


Microcline KAI SisOs 


*Made with cement No. 729. 


Experimental results with composite rocks as aggregates 


Tables 2 and 3 give the results obtained with the crushed composite glacial 
float rocks as aggregates. It should be noted that the grading of the aggre- 
gate, although the same for both series, differed somewhat from that of th: 
pure mineral series, being richer in the minus 100-mesh fraction and poorer in 
the middle fractions. The approximate mineral composition of the rocks is 
given in the appendix. Chemical analysis was made only of rock No. 1 with the 
following results: SiO2, 1.33 percent; Fe2O3, 0.52 percent; RO, 0.24 percent: 
CaO, 30.01 percent; MgO, 21.04 percent; and ignition loss, 46.87 percent. The 
indication of dolomite, with a small amount of impurities, was confirmed |y 
microscopic examination. 
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TABLE 2—TENSILE STRENGTHS (psi) OF BRIQUETS MADE WITH 
COMPOSITE ROCK AGGREGATES AND CEMENT NO. 729 (1:4 BY VOLUME) 


Rock No. Autoclaved at 150 C Blanks at 21 C 


24 hr 18 hr Damp closet Water 
Broken at 3 days | Broken at 3 days Broken at 3 days Broken at 3 months 


135 335 230 570 
370 370 140 130 
560 550 165 180 
195 150 160 165 
250 195 160 125 


The briquets of Table 2 were made with cement No. 729 and those of 
Table 3 with No. 627. The autoclaving was for 24 and 48 hr. No long term 
blanks were available for cement No. 627. 


DISCUSSION OF EXPERIMENTAL DATA 


Results with pure minerals 


The duplicate values were, in general, consistent. Omitting wollastonite 
and the autoclaved barite, the average variation from the mean was less than 
5 percent, and in only three cases (the 2-day blanks for quartzite, ilmenite, 
and bytownite) did the variation from the mean exceed 10 percent. How- 
ever, in comparing the values for different aggregates only relatively large 
differences can be considered significant. 


It appears that the value for the 2-day blanks is in some cases affected by 
the aggregate and the influence in the case of many of the autoclaved speci- 
mens is marked. The results of 14 months of water curing are more uniform 
although there are some differences which must be attributed to the aggregate. 


The quartz briquets, autoclaved at 150 C for 24 hr, gave tensile strengths 
about 50 percent above the 14-month strengths obtained with water curing. 


TABLE 3—TENSILE STRENGTHS (psi) OF BRIQUETS MADE WITH 
COMPOSITE ROCK AGGREGATES AND CEMENT NO. 627 (1:4 BY VOLUME) 


Autoclaved at 150 C slanks at 21 ¢ 
tock No. 


24 hr $8 hi Damp closet 
Broken at 3 days. Broken at 3 days Broken at 3 days 


405 385 260 
350 105 175 
505 595 210 
150 5: 185 
240 7 200 
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Other forms of silica (flint, quartzite, chert) gave much higher values than 
quartz with both methods of curing. The autoclaved chert briquets gave the 
highest strength. 

Italian marble (hard; white; SiOQe, 1 percent; ReOs, 0.1 percent; MgO, nil 
developed the same strength as quartz in water storage, but when auto- 
claved for 24 hr gave no material increase in strength over the briquets of 
the same age stored in the damp closet. Longer steam curing at 150 C (up 
to 72 hr) gave slight decreases in strength. Magnesite (MgCO; with 1.4 
percent SiOz; 1.1 percent R2O;; 0.5 percent CaO) gave peculiar results. The 
briquets cured at room temperature gave extremely high strengths both at 2 
days and 14 months, while the steam-cured briquets gave values of the same 
order as quartz. Barite gave high strength at 2 days, almost normal strength 
at 14 months, and a small increase on autoclaving. It did not show the loss 
exhibited by gypsum. The other nonsiliceous minerals (the high-density 
chromite, ilmenite, and hematite) when autoclaved gave less than 40 percent 
of the strength with quartz, with higher values (especially hematite) than 
quartz on 14-month storage in water. 

The higher strength for sillimanite than cyanite is of interest. While the 
chemical composition is the same (Al,SiO;) other factors may have an effect, 
e.g., crystalline form and stability, and density. While the water-cured 
briquets gave high strengths the response to steam curing was small as com- 
pared with quartz. 

A systematic study of the feldspars was attempted as these materials are 
of interest in connection with the use of granites and other rocks as aggregates. 
The plagioclase feldspars of the soda-lime (albite-anorthite) series were used 
as well as the potash feldspar, microcline, and the soda-potash feldspar, 
anorthoclase. The strengths developed in water storage for 14 months were 
as high as, or higher than, those obtained with quartz but the increase in 
strength on steam curing was much lower. It appears that the feldspars 
highest in potassium and sodium had the most adverse effect on the strength 
developed on autoclaving and that the effect of potassium was greater than 
that of sodium. Substitution of calcium for sodium in the albite-anorthite 
series did not have a beneficial effect beyond the second member of the series 
(oligoclase). However, the decrease in the proportion of silica in the com- 
pounds as the proportion of lime increases may be a compensating factor. 


Results with composite rocks 


The 3-day and 3-month blanks of Table 2 give fairly uniform strengths 
except that the values for rock No. 1, (dolomite) are decidedly high, possibly 
due to an effect of the magnesium carbonate part of the dolomite (see mag- 
nesite, Table 1). Results with the autoclaved briquets show conclusively 
the effect of mineral composition. In the case of rock No. 1, the increase in 
strength for the 24-hr treatment is in agreement with the results with mag- 
nesite (Table 1), while the loss in strength on prolonged treatment is char- 
acteristic of limestone as shown in other series of experiments. The two 
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mponents of dolomite thus seem to retain their specific effect. The im- 
portance of free silica in relation to increase in strength on autoclaving is 
evident as well as the depressing effect of the feldspars, especially the potash 
feldspar, microcline. Thus rock No. 4, containing twice as much quartz as 
rocks No. 2 and 5, gives the highest strength, the silica apparently more than 
balancing the effect of albite and microline. Of the three, No. 2, which is the 
one richest in potash and soda feldspars (80 percent), gives the lowest response, 
with No. 5, where a portion of the alkalies is replaced by lime (in andesine), 
in an intermediate position. The small increase in strength of rock No. 7 on 
steam curing and the deterioration shown with prolonged autoclaving is also 
of interest in relation to its mineralogical composition. 

The data of Table 3 obtained with another cement are in general agreement. 


Effect of cement composition 


Considering the results of Tables 2 and 3, the 3-day blanks of cement No. 
627 gave higher values than those of cement No. 729 (average 205 vs. 170 psi). 
The 24-hr steam-cured briquets of No. 627 gave lower values (average 390 vs. 
120 psi) while the 48-hr briquets gave higher values (average 410 vs. 385 psi 
than the corresponding briquets of No. 729. Furthermore, with cement No. 
729 there was regression or no increase in strength during the second 24 
hr of autoclaving while with cement No. 627 only rocks No. 1 and 7 regressed, 
and No. 4 which contained the largest amount of free silica gave a marked in- 
crease in strength during the longer treatment. 

If one were to accept the above results, it would appear that the mortar 
from the cement higher in C;8 (No. 627) has a greater capacity for developing 
strength on autoclaving than the mortar from the cement higher in C28 (No. 
729) but requires longer autoclaving to develop its full potential strength. 


CONCLUSIONS 


1. The increase in strength on autoclaving and the regression on prolonged 
autoclaving are probably the result of several processes, the relative effect of 
which varies with the chemical composition, type and grading of the aggre- 
gate, the chemical composition of the cement, and the temperature and dura- 
tion of autoclaving. These factors may include: acceleration and modifica- 
tion of the normal hydration of the cement compounds; chemical reactions 
between the hydration products of the cement and the aggregate (e.g., lime 
reacting with free silica, colemanite,® bauxite); changes in crystalline struc- 
ture, transitions (e.g., gypsum); hydrolysis (e.g., C;A at high temperatures,’ 
magnesite). In some cases these reactions may cause an increase in strength, 
in other cases a decrease. 

2. Strengths, higher than those for long-term water curing, were obtained 
on 24-hr autoclaving of the 1-day briquets at 150 C only with the aggregates 


composed of free silicon dioxide in its various forms (with one exception). 
Among the silica aggregates the samples of quartzite and chert gave extremely 
high strengths. 





778 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE March 195¢ 


3. The only exception, magnesite, gave strength on autoclaving as high 
as quartz and the highest value of any aggregate for the briquets stored 14 
months in water. 

$. Pure calcium carbonate (marble) gave no appreciable increase over the 
2-day strength on autoclaving but values equivalent to those for quartz for 
the 14-month water blanks. 


5. The other minerals gave, on autoclaving, values ranging from failures 


to 50 percent of the strength obtained with quartz. 


6. Minerals containing combined silica, on autoclaving, gave in no case 
more than 50 percent of the strength obtained with quartz. 

7. The feldspars highest in potassium and sodium gave the lowest strengths 
on autoclaving. 

8. The strengths obtained with composite rock aggregates (granites, etc 
indicated that on autoclaving the effects of the various minerals present are 
roughly additive. 

9. The experimental results obtained with two portland cements and the 
composite rock aggregates indicate that a cement with a moderately low 
C,8:C.58 ratio may give the best results for short periods of autoclaving but 
that for longer autoclaving the reverse may be true. Regression in strength 
for the longer period of autoclaving was more pronounced with the cement of 
lower C;8:C.S ratio and with the aggregates low in free silica. 
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APPENDIX—MINERAL COMPOSITION OF ROCK AGGREGATES 
By A. R. BYERS 


Sample No. 1 


Consists essentially of dolomite containing inclusions of an unknown, opaque material having 

liameter of about 0.002 mm. 

\ small amount of hematite occurs in minute fractures and along some of the intergrain 
boundaries. 

The fabric is a mosaic of anhedral grains of the dolomite. Average 

Rock name: dolomite. 


grain size is 0.O8 mm. 


Sample No. 2 


Mineral composition: 


Sericite 
percent Chlorite 
percent Epidote 5 percent 
percent Biotite 

Iron Oxide 


Microcline 75 
Quartz 15 
Albite 5 


Fabric: granitoid, grain size—1.5 to 2.0 mm. 
tock name: microcline granite. 


Sample No. 4 
Mineral composition: 
Albite 45 percent Sericite 


Quartz 30 percent Epidote 5 percent 
Microcline 20 percent Iron Oxide 


Fabric: gneissic structure with anhedral to subhedral crystals of feldspar, 0.30 to 0.60 mm 
in diameter, embedded in a quartz-feldspar mosaic with an average grain of 0.05 mm. Fabric 
is either protoclastic or cataclastic. 


Rock name: Original rock probably a granodiorite or an albite granite. 


Sample No. 5 


Mineral composition: 


Hornblende 

Andesine 65 percent Biotite 

Quartz 15 percent Chlorite 20 percent 
EK pidote 
Sericite 


The andesine is partly altered to sericite and epidote. Both the hornblende and biotite 
largely altered to chlorite (penninite ). 

Fabric: granitoid, grain size—1.0 to 3.0 mm. 

Rock name: quartz diorite. 
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Sample No. 7 


Mineral composition: 


Hornblende 10 percent Iron Oxide 
Epidote 30 percent Oligoclase $10 percent 
Chlorite 20 percent Quartz 


The mineral constituents are all secondary. The hornblende and iron oxide have been de- 
rived from original pyroxene, and in turn the hornblende is partly altered to chlorite. The 
epidote, oligoclase, and quartz are the alteration products of an original basic plagioclase. 

Fabric: Blastoporphyritic with hornblende crystals, 0.5 x 1.0 mm, in a groundmass consist- 
ing of epidote, oligoclase, chlorite and quartz, and having a grain size of 0.05 mm. 

Rock name: probably a basic gabbro or basalt before alteration. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 JourNAL. In Proceedings V. 52 discussion immediately 
follows the June 1956 JouRNAL pages. 





Title No. 52-49 


Fig. 1—Factory and storage yard 


Mass Production of Prestressed Structural Concrete 


in Sweden*® 


By HENNING COLLBORGt 
SYNOPSIS 


A Swedish factory for production of precast prestressed structural concrete 
is described. A brief history of the company is followed by a description of 
materials, design principles, production methods, erection procedures, and 
administrative organization. Examples of the types of members and struc- 
tures manufactured, primarily structural frames for industrial buildings, are 
illustrated. 


INTRODUCTION 


Prestressed concrete is relatively common in Swedish building construction, 
and post-tensioned members produced at the building site as well as factory- 
made pre-tensioned units are used. The latter appeared first, and pre-ten- 
sioning is still the most common type of prestressing. This paper describes 
the activities of the Swedish company AB Stringbetong. Its factory at 
Stockholm (Fig. 1) is manufacturing pre-tensioned prestressed structural 
conerete members by the Hoyer principle. 


Development of factory 


Investigations of the structural properties of prestressed concrete and the 


commercial possibilities of factory production were started in 1939 by the 
parent company, AB Betongindustri. Over a period of 2 years, intensive 
*Received by the Institute Apr. 1, 1955. Title No. 52-49 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 27, No. 7, Mar. 1956, Proceedings V. 52. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than July 1, 1956. Address 18263 W. MeNichols 
Rd., Detroit 19, Mich. 
tManaging Director, AB Stringbetong, Stockholm, Sweden. 
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experimental production was carried out on three test beds 33 to 65 ft long 
About 20,000 linear ft of small-profile beams were manufactured and sold 
during the latter part of this development period. 

When satisfactory solutions to production problems had been worked 
out, suitable raw materials found, structural design methods developed, 
and it had been established that satisfactory commercial possibilities existed, 
a factory for large-scale production of prestressed concrete was planned 
Because of World War II, however, these plans could not be immediately 
realized. On the other hand, a shortage of construction materials soon ap- 
peared in Sweden, and this shortage put prestressed concrete in a favorable 
position as a means of conserving materials. The first part of the factory 
was ready for operation in the fall of 1942. It was subsequently expanded 
in 1947 and again in 1952-53. 

In its present form (January, 1955), the factory has a capacity of 26,000 
cu yd (55,000 tons) of finished products per year and employs 110 workers. 
For climatic reasons all processing is done indoors. The plant buildings 
cover an area of 86,000 sq ft, and an additional 130,000 sq ft is available for 
storage of materials and products (Fig. 2). The latter area also includes a 
shipping yard. 

In principle, production of prestressed concrete does not present any great 
difficulties, but there were many practical problems to solve, and among 
these were several intricate ones. The principal tasks involved were to de- 
velop mass-production methods, to design and construct labor-saving de- 
vices, and to formulate specifications for both raw materials and finished 
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oducts. Introduction and marketing of a new product is a stimulating 
isk, but it is also a difficult one, especially in this case where the product is 
ital structural parts. Two new concepts in concrete construction—pre- 
tressing and precasting—had to be presented to the public at the same time. 


STANDARDIZATION AND STRUCTURAL DESIGN 


Standardization 

The factory produces beams, columns, slabs, and piles for buildings, quays, 
bridges, and crane runways, as well as poles for many different. purposes, 
and a number of other products. However, the main product is structural 
frameworks for industrial buildings. 

Although standardization is essential to economical production, the relative 
size of the Swedish market and the widely varying nature of the country’s 
industries do not permit extensive use of fixed standards for complete struc- 
tures. To meet the requirements of both market and production, units of 
standard cross sections are manufactured in custom lengths. For the various 
types of beams, columns, etc., a total of about 70 standard sections are in 
use. This number offers structural engineers a satisfactory degree of flexibility 
in designing a variety of structures. The steel forms used in processing are 
made by a combination system so that several of the standard sections can 
be cast in the same form. Standard solutions have also been worked out for 
joints between precast members and for connections to other structural parts. 

For poles there are fixed standards for various uses. Piles are manufac- 
tured with standard cross sections, and are stockpiled in lengths based on a 
20-in. module. Slabs are made with standard sections and are supplied in 
lengths conforming to the customer’s requirements. 


Structural design principles 

Production is based on high-strength concretes which are realized through 
the use of a standard portland cement, high-class raw materials, improved 
production methods, and modern equipment. The prestressed reinforcement 
consists of 0.08-in. diameter cold-drawn steel wire (Fig. 3) with a minimum 
strength of 310,000 psi and a low ultimate elongation. The steel wires are 
anchored entirely by bond and friction between steel and concrete. The 
compressive strength of the concrete differs for various products, and is be- 
tween 8500 and 11,000 psi for 6-in. cubes at 28 days. A concrete strength of 
6000 to 6500 psi is normally obtained after 3 days of air curing. This strength 
has been found adequate for stress release, that is, the transfer of pre-tension 
force to the concrete. The reinforcement is pre-tensioned to 200,000 psi, 
which gives an effective prestress of about 170,000 psi after elastic deforma- 
tions and creep have taken place. 


In an unloaded position the standard-section beams have a concrete pre- 
stress in the “‘tension’”’ zone of 2600 to 3100 psi. At normal working loads, 
the prestress together with the tensile strength of the concrete gives a safety 
factor against cracking of 1.20 to 1.25. The concrete working stress in the 
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Fig. 3—End detail of a medium-size 
beam 


compression zone amounts to 2800 psi. The ultimate strength is 2.5 times 
dead plus live loads. The reinforcement of the cross section is balanced so 
that the safety with respect to failure of concrete and steel are equal. 

In small and medium beam sections, as well as in columns, all main rein- 
forcement is prestressed. Large girders designed primarily for positive mo- 
ments, however, have prestressed reinforcement in the tension zone and in the 
web, while the compression flange has conventional deformed bar reinforce- 
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nent to resist handling stresses. The deformed bar used is a low-alloy steel 
vith a yield point of 85,000 psi and an ultimate strength of 130,000 psi. 

The most common construction principle is columns with a fixed connec- 
tion to the foundation and simple-span beams (Fig. 4) or beams made con- 
tinuous for the live load only. Fig. 5, 6, and 7 give examples of finished 
structures. A type of rigid frame construction is also made. Continuity is 
achieved by providing the members with end notches and protruding rein- 
foreing bars. After erection these connecting bars are welded or screwed to- 
gether, and the notches are then packed with concrete. 

toofing slabs usually consist of reinforced cellular concrete (Fig. 8). 
A combination of prestressed concrete slabs, ordinary reinforced concrete, 
and special thermal insulation are sometimes also used. In floors, quays, 
jetties, and bridges the beams are usually designed for composite action with 
the deck slabs. The deck can be made entirely as a concrete slab on the site, 
in which case the slab form is supported by the beams. Another procedure 
utilizes thin prestressed slabs on which a topping of concrete is placed to 
obtain the necessary stiffness and strength; a concrete to concrete connection 
without protruding stirrups has been found satisfactory. The prestressed 
slabs then serve the combined function of form and reinforcement. For small 
floor loads, reinforced cellular concrete slabs are also used. 


MANUFACTURE 


As a general rule it can be said that the manufacturing is mainly a ques- 
tion of transport problems, and the way in which these problems are solved 
greatly influence the operational costs. 


Concrete production 

The factory is adjacent to a quay, and aggregates are received by boat 
The materials are transported from self-unloading vessels or from an unload- 
ing crane to the material yard by a conveyor belt (Fig. 1 and 2 


Fig. 5—Framing for building with saw-tooth roof. Secondary beams are 
H-shaped—upper channel forms gutter, lower channel used as duct for warm- 
air heating 
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Fig. 6—Workshop for a 

shipyard—free height 58 

ft, free span 80 ft. Price 

for structural frame, _in- 

cluding erection—$1.50 per 
sq ft 


gravel are separated by a wall in the yard. To carry over the winter, yard 
storage capacity is 13,000 cu yd. Five aggregate storage bins are now under 
construction. Bin storage gives further possibilities of accurate proportioning 
to the benefit of a high and uniform concrete quality. 

Elevation of aggregates to the concrete batching tower is done by a con- 
veyor-belt system. There are several small culverts under the storage bins 
and below ground level. Belt conveyors transport the material to the hoist- 
ing conveyors, which extend to the batching hoppers. The conveyor system 
can be controlled from the batching tower. In the winter the hoppers and 
bins are heated bya closed steam system, and “free’’ steam is used in the 
open yard. Cement is received in bulk by trucks, rail, or through a 1000-ft 
pipe line from the adjacent silos of a cement producer. - 

In the concrete plant there are two 2-cu yd pan mixers of the counterflow 
type. It has been found that this type of mixer produces the best and most 
uniform concretes. A weighing sy8tem is located under the batching hoppers 
and over the mixers. Both the scales and the mixers are operated from a 
central control panel. The consistency of concrete is checked continually 
at the mixer, and a signaling system to the casting bays keeps the personnel 
responsible for casting operations informed as to how the consistencies are 
being maintained. From the mixing plant, which is a part of the factory 
building, the concrete is transported to the casting bays by traveling cranes. 


Fig. 7—Factory building of 
110,000 sq ft. Primary 
beams span 40 ff, second- 
ary U-shaped beams span 
50 ft. The channels used 
for warm-air heating are 
covered with perforated 
aluminum plates 





PRESTRESSED STRUCTURAL CONCRETE 


Fig. 8—Workshop with saw-tooth roof—free span 60 ft, 20-ft column spacing, 

floor surface 55,000 sq ft. Price for structure (columns, beams, secondary roof- 

light frames), including erection—$0.50 per sq ft. Roof and walls are of 
cellular concrete slabs 

Pre-tensioning and casting 

The production halls are dominated by casting bays and their prestressing 
beds where prestressing, form assembly, casting, and initial curing take place. 
In two large halls, where air curing is used, there are two 260-ft and two 280- 
ft casting beds (Fig. 9). In two smaller halls, where curing is done in warm 
water, the beds are each 100 ft long (Fig. 10). 

The steel wire is received in coils. These are placed in frames in the base- 
ment below the prestressing beds, and the wires are threaded onto profile 
spacers, in which each wire has its hole. The wires are extended to full bed 
length by a conveying mechanism, tied, and stretched in groups of as many 
as 130, corresponding to a prestressing force of 60 tons. The wires in a group 
are anchored in a round steel sleeve by a steel wedge. To secure a complete 
packing of the wires and an entirely safe anchorage, the wedge is driven from 
a specially designed gun by an explosive charge. Pretensioning is done by 
hydraulic machines. The forces involved are high, and the four large beds 
have been designed to withstand a force of 100 tons per ft width. It has been 
found necessary to provide the casting beds, stretching devices, etc., with a 
high degree of flexibility to facilitate production of the relatively high number 
of different products manufactured. The smallest units made weigh 60 |b, 
the heaviest ones 20 tons. 

Stirrups, section panels, cast-in inserts, and other auxiliary pieces are 
processed in special shops. The steel forms for all standard sections are 


‘a 


Fig. 9—Large casting halls in factory 
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made by a module system. The forms are transported and assembled hy 
traveling cranes which are also used for the concrete charging. The vibration 
necessary to place the concrete is applied both by internal and externa! 
methods, and the vibrators have a frequency of about 3000 rpm. 


Curing and handling 


Usually the side forms are removed and re-used the day after casting, while 
stress release normally takes place after 3 days of air curing. Most units 
are cast in custom lengths, but small profiles and certain types of slabs are 
cast in long lengths which are subsequently cut to the required lengths by a 
semi-automatic concrete saw. Traveling cranes in the big casting bays per- 
mit transport of units weighing up to 20 tons. 


The maximum weight of units made in the heat-curing casting bays, where 
the smaller units are cast, is set at 4 tons. For warm-water curing, adequately 
insulated beds consisting of covered tanks are employed (Fig. 10). The cur- 
ing water circulates between special storage and heating tanks. When stand- 
ard cement is used heat curing permits stress release after 12 hr. 


As mentioned previously, the number of standard sections for various 
products is relatively large, and the forms which are not being used are kept 
in two form stores adjacent to the casting bays. The traveling cranes in 
these stores unload the forms within the operational range of the casting-bay 
cranes. 

In the storage and shipping yard handling is chiefly by traveling cranes and 
portal cranes because this method uses less space than mobile cranes. Trans- 
port by traveling crane from the large casting bays can_ be done without re- 
loading. Railroad sidings extend into the yard. Loading of finished prod- 
ucts in the shipping yard outside the area of the traveling cranes and un- 
loading of aggregates on the quay are done by the same mobile crane. 


INSPECTION, TRANSPORT, AND ERECTION 
Inspection and development 


As mentioned before, production is based on high strengths and a module 
system with tolerances. This calls for continuous checks on production. An 
operations laboratory controls quality of raw materials, concrete, and finished 
products. An inspection section, coordinated with the shipping department, 
has the responsibility of checking the finished products against drawings so 
that any deviations which may have occurred are discovered before delivery. 
A prerequisite for rational erection is that every unit fits into its appointed 
place and that adjustments on the building site are avoided. 

Right from the start a fairly comprehensive development program has bee! 


conducted. Every effort is made to gain greater knowledge, and new materials 
and methods are investigated to produce better or new products and to ope 
new fields of application. 





PRESTRESSED STRUCTURAL CONCRETE 


Fig. 10—Small casting bay 
for warm-water curing 


Transport and erection 


Shipments are on a nation-wide basis. Trucks, railroad, and boat transport 
are used. Highway transport is normally used for distances up to 60 miles, 
but this is extended if there is no railroad close to the place of delivery. The 
longest railroad transports to the northern part of Sweden are about 860 
miles. As the plant adjoins a quay it is sometimes possible to deliver beams 
for quays and bridges by boat or barge (Fig. 11). 

Erection is carried-out with mobile cranes having a lifting capacity up to 16 


tons, and an erection crew usually consists of a foreman and three men (Fig. 
12). If more labor is required, arrangements are made with the contractor. 
At the time of writing four crews and cranes are employed. 


COMMERCIAL OPERATIONS 

Sales and bids 

The nature of the product makes the task of selling a highly technical one, 
which calls for a knowledge of statics and structural engineering as well as 
an intimate knowledge of the resources of the plant. For this reason, sales 
promotion is carried out exclusively by especially trained engineers of the 
factory’s sales department. Coordinated with the sales department, a design 
office produces suggested designs used in conjunction with the solicitation of 
orders. This office also designs the details of projects that are to be manu- 


ye 3 


Fig. 11—Bridge to an island in Malar Lake. Beams are transported by pontoons 
and placed by hydraulic jacks 
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Fig. 12—Erection of a 95-ft 
roof girder weighing 12.8 
tons 

















faetured. Business transactions are normally made through independent 
consulting engineers and architects, and the company’s design office can 
therefore be considered a service office for their use. 

Catalogs of standard-type structures and brochures are issued periodically. 
Sales are promoted through advertisements in technical publications, and 
visits are occasionally arranged to building sites where erection is in progress. 
The company also makes use of motion pictures and takes part in permanent 
exhibitions in Malm6é and Stockholm. 

Bids are based on unit prices for basic processing, and additional charges 
are made for special finishes such as cast-in details, holes, and other details. 
However, except in the case of stock articles such as piles and poles, a total 
bid is often submitted for complete structural frames. Such bids include 
freight and usually also erection charges. It is, of course, a decided advantage 
for the consulting engineer to be able to obtain a fixed, all-in price for the 
entire structural framework as early as the designing stage. 


Competition and deliveries 


Deliveries are made in competition with structural steel, conventionally 
reinforced concrete cast on the site, prestressed concrete processed on the site, 


and wood structures. Prestressed concrete processed on the site is now mostly 
used only for long-span bridges and where transport difficulties still exclude 
factory-made, bonded prestressed concrete. Experience shows, however, 
that the factory can compete in the production of spans of more than 100 ft, 
which corresponds to weights of 15 to 20 tons per unit. 

From the start of its activity in 1942, the factory has supplied units for 
more than 4000 buildings. Though the early deliveries comprised only root 
beams, complete structural frames are now delivered in most cases. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follows the June 1956 JourNAL pages. 





Title No. 52-50 


Physical Incompatibility of Matrix and Aggregate 
in Concrete’ 


By G. M. SMITH# 


SYNOPSIS 


A theoretical analysis is made of the stresses that might result in a matri 
surrounding a spherical body due to the thermal incompatibility of the matr 
and the spherical body. The analysis indicates that the magnitude of th: 
stresses depends upon the thermal expansion, Poisson's ratio, modulus of elas- 
ticity, and size of the inclusion. Although the analysis is purely qualitative 
does show the complexity of the term ‘‘thermal incompatibility,’ so frequent] 
related to the durability of concrete subjected to freezing and thawing. Graphs 
are constructed to illustrate the effect of the various physical properties o1 
the thermal stresses developed in a matrix. The matrix is considered to 
consist of cement paste or a mixture of paste, aggregate, and voids 


INTRODUCTION 


In recent years some investigators have had the belief that much of the 
deterioration that occurs in concrete is due to the difference in thermal ex- 
pansion of aggregate and cement paste, or mortar, especially where excessive 
freezing and thawing exists. The tendency has been to correlate the differ- 
ence in thermal coefficients of mortar and aggregate with durability \ re- 
view of the literature indicates that the evidence of deterioration resulting 
from thermal incompatibility is not very convincing. This is not too sur- 
prising if one considers the physical characteristics of mortar and aggregate 
as related to restrained deformations resulting from a thermal expansion or 
contraction. The existence of large differences in thermal coefficients of 
aggregate and mortar does not necessarily mean that destructive forces wil 


develop unless certain physical characteristics of the aggregate and mortar 


are such as to cause the occurrence of restrained deformations. As an illus- 
tration, consider a rubber ball as an inclusion in mortar with a large tempera- 
ture change occurring. The restrained deformations and stresses in the 
mortar at the boundary of the ball will be quite small because the stiffness 
of the ball is not sufficient to produce restraints. 

Other investigators have pointed out that other factors such as modulus 
of elasticity and diffusivity of the aggregate are clouding the correlation of 
thermal incompatibility with the durability of concrete. It is hoped that the 
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analysis made herein will, in a qualitative sense, give some idea as to th 
mechanism of physical incompatibility and the effect of various physica 
properties of the aggregate and mortar, or cement paste, on thermal stresses 


THEORETICAL ANALYSIS 


Little is known of the stresses created at the boundary of an inclusion of 


one material embedded in a matrix of another material. In deriving an ex- 
pression for the tensile stresses, in terms of the size, moduli of elasticity, and 
Poisson’s ratio for a matrix and an aggregate inclusion, the following assump- 


tions are made: 
1. The matrix and aggregate obey Hooke’s law. 
2. Each particle of aggregate is treated as though it were a small sphere at the center 
of a larger spherical matrix. 
3. The effect of diffusivity is neglected. 
The following separate conditions of thermal coefficients will be considered: 
a. Thermal coefficient of aggregate greater than thermal coefficient of cement matrix. 
b. Thermal coefficient of aggregate less than the thermal coefficient of cement matrix. 
The solution for each of the above conditions during an increase in tempera- 
ture will in effect also describe the effect of cooling on the thermal stresses. 


Thermal coefficient of aggregate greater than thermal coefficient of matrix 
with an increase in temperature 


Referring to Fig. 1, the spherical radii of the embedded aggregate and 
surrounding matrix are a and b, respectively. 

The unrestrained radial displacement of the aggregate and matrix due to an 
increase in temperature will be as follows: 

a, = AT 6 a...... (1) 

ee ee ee Too ee (2) 
where 

a, and a = unrestrained radial displacement of the aggregate and matrix, respectively 

AT = temperature change 

e, and e. = thermal coefficients of expansion of the aggregate and matrix, respectively 


Then 


Fig. 1—Thermal coefficient of aggre- 
gate greater than thermal coefficient of 
matrix with an increase in temperature 





PHYSICAL INCOMPATIBILITY 


a, — a, = AT a(eg — «) = Al’ a AC (; 
Actually the boundary of the aggregate and matrix will be drawn a, and a., 
and is indicated by the dashed circle in Fig. 1. The restrained radial displace- 
ment of the aggregate is noted as x, and the restrained radial displacement of 
the matrix will then be equal to a, — a — 2. 
Equating the tangential strain in the aggregate to the tangential strain in 
the matrix at the boundary 
AT «. + 4 - U.) + UP are 2 
ae E. . - 
where 
p = unit pressure between the inner and outer spheres 
U.and U, = Poisson’s ratio for the matrix and aggregate, respectively 
E. and E, = modulus of elasticity for the matrix and aggregate, respectively 
S, = tangential tensile stress in the matrix 
According to the theory of elasticity the tangential stress in the matrix is shown 
to be 
: p b® + 2a 
od is 2 b? — a? 


Then eliminating the pressure p from Eq. (4) and (5) and simplifying, the 
expression for the tensile stress in the matrix will be 
AT AC 


¥ b? — a? \/1 — 2U, 
3}{—— ef 
bs + 2a* E, 


where 
AC =e, — «, difference in thermal coefficients of expansion of the matrix and aggre- 
gate 


Thermal coefficient of aggregate less than thermal coefficient of matrix with 
an increase in temperature 


Referring to Fig. 2, the spherical radii of the embedded aggregate and 
surrounding matrix are a and b, respectively. 

The unrestrained radial displacement of the aggregate and matrix due to 
an increase in temperature will be as follows: 


Fig. 2—Thermal coefficient of aggre- 
gate less than thermal coefficient of 
matrix with an increase in temperature 
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a, = Al’ «, (7) 

a. = AT «¢, (8) 

a. — a, = ATa(e. — &) = ATaAC (9) 
where a,, a, AT, €,, and €,. are as previously described. 

The actual boundary of the aggregate and matrix will be between a, and a,, 
and is indicated by the dashed circle in Fig. 2. The displacement of the 
aggregate due to stress is noted as x, and the radial displacement of the matrix 
due to stress will be equal toa. — a, — 2. 

Again equating the tangential strain in the aggregate to the tangential strain 
in the matrix at the boundary 

fo, 1s . SEs AT « +— - (10 

E. E. E, 
and substituting Eq. (5) into Eq. (10) and simplifying, the following radia! 
tensile stress, p, in the matrix becomes 
AT AC 


, = ‘ 

b? + 2a°\/1 — U., f 1 — 2U, 
—— - + + — 
b? — a? 2E, E. E, 


It should be emphasized again that the tensile stress in the matrix from 
Eq. (6) is a tangential stress and in Eq. (11) a radial stress. 


(11) 


Eq. (6) and (11) are illustrated graphically in Fig. 3 and 4 to show the 
effect of size of inclusion, and the moduli of elasticity of matrix and aggre- 
gate on the tensile stresses in the matrix. The numerical values used in the 
equations in Fig. 3 and 4 were arbitrarily chosen to give a wide range of 
typical conditions. 


DISCUSSION 


Let it again be emphasized that it is not the intent of this paper to prove 
or disprove any hypothesis, but to present various ideas which may or may 
not be significant. 


Fig. 3 indicates the tangential tensile stress in the matrix which might 
occur for the following conditions: (a) a temperature increase with coefficient 
of thermal expansion of aggregate greater than that of the matrix, and (b) a 
temperature decrease with coefficient of thermal expansion of aggregate 
less than that of the matrix. It is apparent in Fig. 3 that an increase in the 
modulus of elasticity of either the matrix or aggregate will result in higher 
stresses. The author is of the opinion that the two lower curves in Fig. 3 are 
more nearly typical of most concretes than the two upper curves. However, 
if the matrix and aggregate possess properties as represented by the two 
upper curves (high moduli), then extremely high stresses might develop 
It is also to be noted in Fig. 3 that the stress increases quite rapidly as the 
size of the aggregate increases, particularly with the higher moduli. This 
might indicate one of the reasons lean mixtures have a low resistance to 
freezing and thawing; 7.¢., as the cement content decreases, the thickness of 
the matrix surrounding the coarse aggregate also decreases. 
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AT «,a 
> AT ea 
a. — a, = AT a(e —€«) = ATaAC 
where a,, a, AT, €,, and €, are as previously described. 
The actual boundary of the aggregate and matrix will be between a, and a, 
and is indicated by the dashed circle in Fig. 2. The displacement of the 
aggregate due to stress is noted as x, and the radial displacement of the matrix 
due to stress will be equal toa. — a, — &. 
Again equating the tangential strain in the aggregate to the tangential strain 
in the matrix at the boundary 
AT « SS ig ES Shee 2U, (10 
E. E. E, 
and substituting Eq. (5) into Eq. (10) and simplifying, the following radia! 
tensile stress, p, in the matrix becomes 
AT AC 


PT (bs + 2a\/1 — U. Uv. t-, 
_— - + +e oma 
b3 — a’ 2E, E. E, 


It should be emphasized again that the tensile stress in the matrix from 
Eq. (6) is a tangential stress and in Eq. (11) a radial stress. 


(11 


Eq. (6) and (11) are illustrated graphically in Fig. 3 and 4 to show the 
effect of size of inclusion, and the moduli of elasticity of matrix and aggre- 
gate on the tensile stresses in the matrix. The numerical values used in the 
equations in Fig. 3 and 4 were arbitrarily chosen to give a wide range of 
typical conditions. 


DISCUSSION 


Let it again be emphasized that it is not the intent of this paper to prove 
or disprove any hypothesis, but to present various ideas which may or may 
not be significant. 


Fig. 3 indicates the tangential tensile stress in the matrix which might 
occur for the following conditions: (a) a temperature increase with coefficient 
of thermal expansion of aggregate greater than that of the matrix, and (b) a 
temperature decrease with coefficient of thermal expansion of aggregate 
less than that of the matrix. It is apparent in Fig. 3 that an increase in the 
modulus of elasticity of either the matrix or aggregate will result in higher 
stresses. The author is of the opinion that the two lower curves in Fig. 3 are 
more nearly typical of most concretes than the two upper curves. However, 
if the matrix and aggregate possess properties as represented by the two 
upper curves (high moduli), then extremely high stresses might develop 
It is also to be noted in Fig. 3 that the stress increases quite rapidly as the 
size of the aggregate increases, particularly with the higher moduli. This 
might indicate one of the reasons lean mixtures have a low resistance to 
freezing and thawing; i.¢., as the cement content decreases, the thickness of 
the matrix surrounding the coarse aggregate also decreases. 
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Fig. 4 indicates a radial tensile stress in the matrix for the following condi- 
ions: (a) a temperature increase with coefficient of thermal expansion of 
egregate less than that of the matrix, and (b) a temperature decrease with 
oefficient of thermal expansion of aggregate greater than that of the matrix. 
First it should be noted that the radial stresses shown in Fig. 4, for small 
inclusions, are almost twice the tangential stresses shown in Fig. 3. How- 
ever, as the size of the inclusion increases the radial stresses decrease in mag- 
nitude, which is the reverse of the curves shown in Fig. 3. Again the higher 
radial stresses result from the higher moduli. The radial stresses would, in 
effect, tend to cause a bond failure between the aggregate and matrix. 

The stresses indicated in Fig. 3 and 4 are undoubtedly too large because of 
plastic flow, volume change due to moisture, and other factors. In addition, 
it should be pointed out that in the analysis, only one sphere was considered, 
and adjacent spheres would tend to offer considerable support to their neigh- 
bors. If the matrix is considered to be quite large in comparison to the in- 
clusion, then Eq. (8) and (14) reduce to the following: 

AT AC 
2(1 — 2U,) 1+ U, 
E, ee 
AT AC 
oe er ae YS iP 


S; 


2. 
E, 2E, 


The tangential and radial stresses as given by Eq. (12) and (13) are approxi- 


mately those shown in Fig. 3 and 4 with the radius of the inclusion equal to 
0.1 in. 

The author believes there are certain characteristics of the aggregate and 
mortar or paste which may have a considerable effect on the durability of 
concrete. Fig. 3 and 4 indicate that the following characteristics of the 
aggregate and matrix might be quite significant in the deterioration of con- 
crete for which thermal incompatibility does exist: 

1. High tangential stress (Fig. 3) resulting from a mortar or cement paste with a 
high modulus of elasticity, surrounding a large aggregate inclusion with a high modulus 

of elasticity. 


TABLE 1—MODULUS OF 
ELASTICITY OF STONE 


Stone Modulus of elasticity, psi 


Granite 5,900,000 to 9,800,000 
Sandstone 1,000,000 to 7,700,000 
Limestone 1,000,000 to 14,000,000 
Marble 4,000,000 to 12,600,000 


Slate 13,900,000 to 16,200,000 
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PHYSICAL INCOMPATIBILITY 797 


Fig. 4 indicates a radial tensile stress in the matrix for the following condi- 
tions: (a) a temperature increase with coefficient of thermal expansion of 
iggregate less than that of the matrix, and (b) a temperature decrease with 
coefficient of thermal expansion of aggregate greater than that of the matrix. 
First it should be noted that the radial stresses shown in Fig. 4, for small 
inclusions, are almost twice the tangential stresses shown in Fig. 3. How- 
ever, as the size of the inclusion increases the radial stresses decease in mag- 
nitude, which is the reverse of the curves shown in Fig. 3. Again the higher 
radial stresses result from the higher moduli. The radial stresses would, in 
effect, tend to cause a bond failure between the aggregate and matrix. 

The stresses indicated in Fig. 3 and 4 are undoubtedly too large because of 
plastic flow, volume change due to moisture, and other factors. In addition, 
it should be pointed out that in the analysis, only one sphere was considered, 
and adjacent spheres would tend to offer considerable support to their neigh- 
bors. If the matrix is considered to be quite large in comparison to the in- 
clusion, then Eq. (8) and (14) reduce to the following: 

AT AC 
2(1 — 2U,) 1+ U, 
E, mo. ee 
AT AC 
1 — 2U, 1+ U,. 
‘ Fee ae 
E, 2E. 


S: 


The tangential and radial stresses as given by Eq. (12) and (13) are approxi- 


> 


mately those shown in Fig. 3 and 4 with the radius of the inclusion equal to 
0.1 in. 

The author believes there are certain characteristics of the aggregate and 
mortar or paste which may have a considerable effect on the durability of 
concrete. Fig. 3 and 4 indicate that the following characteristics of the 
aggregate and matrix might be quite significant in the deterioration of con- 
crete for which thermal incompatibility does exist: 

1. High tangential stress (Fig. 3) resulting from a mortar or cement paste with a 


high modulus of elasticity, surrounding a large aggregate inclusion with a high modulus 
of elasticity. 


TABLE 1—MODULUS OF 
ELASTICITY OF STONE 


Stone Modulus of elasticity, psi 


Granite 5,900,000 to 9,800,000 
Sandstone 1,000,000 to 7,700,000 
Limestone 4,000,000 to 14,000,000 
Marble 1,000,000 to 12,600,000 


Slate 13,900,000 to 16,200,000 
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2. High radial stress (Fig. 4) resulting from a paste with a high modulus of elasticity, 
surrounding a small inclusion of fine aggregate with a high modulus. 

Stone of various classifications exhibit a wide range in elastic modulus 
Considerable variation of elastic modulus also exists within some of the 
classifications. Typical values of elastic moduli of stones as reported by 
Watertown Arsenal are shown in Table 1. 


The author was unable to find any information on the modulus of elas- 
ticity of cement paste. The modulus of cement paste might be expected to 
vary with water content, moisture content, and curing. 


CLOSURE 


It is hoped that the analysis made herein is not construed as evidence of 
actual conditions in concrete. However, the author believes that the analysis 
does show the complexity and relation of some of the variables associated 
with thermal (physical) incompatibility. Furthermore, statistical analysis 
of data related to thermal incompatibility must be scrutinized with caution 
because of the many physical variables involved. 


The degree of durability of various concretes can probably be attributed 
to either a physical or chemical reaction or a combination of both. Little 
attention has been given to the physical properties of the constituents of 
concrete and their effect on durability. The author believes that a difference 
in thermal expansion of aggregate and matrix is not sufficient to cause de- 
terioration of concrete but must be accompanied by certain physical char- 
acteristics of the aggregate and matrix which might tend to produce large 
restrained deformations. 
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Concrete Strength Variations—Commodore Perry Extension 
Housing Project* 


By KENNETH BARNARD{ 


TEST PROCEDURE 


A study of 
was made from the test data of the concrete 
furnished by Pine Hill Concrete Mix Corp., 
Buffalo, N. Y., and placed in the super- 
structures of the Commodore Perry Exten- 
Sufficient test data 
on the crushing strengths of cylinders molded 
from approximately 10,000 cu yd of ready- 
mixed concrete were obtained to justify a 
statistical analysis of the 
strength. Each group of 
sented approximately 80 cu yd of concrete 
\ 7- and a 28-day laboratory cured cylinder, 
and a 7- and a 28-day field cured cylinder 
made up each group of cylinders. 


concrete strength variation 


sion Housing Project. 


variations in 
cylinders repre- 


For Type 
III cement, 3-day laboratory cured cylinder 
tests were made. The cylinders were cured 
in air on the job over night and then taken 
to the laboratory the day after casting. At 
the laboratory they were cured in a 
room until testing. 


moist 
The field cured cylinders 
were cured in air on the job until they were 
sent to be tested. 


The concrete mix was designed by Pitts- 
burgh Testing Laboratory for a compressive 
strength of 3000 psi at 28 days. The cement 
was ASTM Types I and III, and the aggre- 
gates were sand and washed gravel with a 


_A part of copyrighted JouRNAL or THE AMERICAN ConcrETE INstTITUTE, V. 27, No. 7, 
Separate prints of the entire Concrete Briefs section are available at 35 cents each. 


V. 52. 


MeNichols Rd., Detroit 19, Mich. 


*For earlier discussion of this project, see ‘‘Blast Furnace Slag in Concrete,” 


1955, Proc. V. 52, p. 227. 


The 

factor was 5.89 sacks per cu yd as required by 

the 

per sack as required by slump 
The 

yard were 554 lb of cement, 1332 lb dry sand, 

933 lb No. 1 gravel, 933 lb No. 2 gravel, and 
r 


114-in. maximum = gravel.t cement 


specification, and water-cement 
was 6.32 gal 


ratio 


specification. proportions per cubic 


37.22 gal total water An alternate mix 


using crushed stone with an air-entraining 
agent was used on a small amount of « xposed 


concrete. 
INSPECTION PROCEDURE 


Inspection of concrete began at the batch 
plant, where the architect maintained an in- 
spector to check the plant’s operation and 
that 


moisture were controlled 


also to see aggregate gradation and 
Samples of cement 
and aggregate were obtained daily, and were 
30 davs. This was done so that 
the 


investigation 


stored for 


information would become available on 
that 
should any of the cylinder tests produce re- 


than 


factors might require 


sults lower the specified strength of 
3000 psi 

The architect’s field staff included a 
crete inspector who was present at all con- 
All slump tests test 


cylinders were made in the field by this in- 


crete placements. and 


spector at such times as required, whereas 


Mar. 1956, Proceedings 
Address 18263 W. 
by R. H 


Bogue, ACI Journat, Oct 


tConcrete Inspector, Buffalo Municipal Housing Authority, Buffalo, N. Y 


{The concrete placed up to Nov. 13, 1954, was a mix using blast furnace slag as an aggregate (see 
When construction was resumed in March, the contractor submitted another mix based on 


article by Bogue). 
sand and gravel aggregates. 
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Fig. 1—Concrete strength curves 


an independent testing laboratory would not 
be in a position to do so unless stationed at 
the site. 


TEST RESULTS 


7-day tests (Type | cement) 


Both laboratory cured and field cured 
cylinders were used in this analysis because 
it was found that there was no significant 
difference between the two, averaging only 
about 4 percent variation. Average crush- 
ing strength was 3073 psi for laboratory 
cured cylinders and 2970 psi for field cured 
cylinders. The mean for the 7-day Type I 
laboratory and field cured concrete cylinders 
was 3035 psi. In this study, 60 cylinders 
tested below the mean and 56 tested above 
the mean. The standard deviation* amounts 
to 318 psi and the coefficient of variationt 
is 10 percent. 


28-day tests (Type | cement) 


Again both laboratory and field cured 
cylinders were used in the analysis. Average 
crushing strength was 4466 psi for laboratory 
cured cylinders, and 4152 psi for field cured 
cylinders, which is a difference of 8 percent. 
The mean for the 28-day Type I concrete 
cylinders was 4315 psi and, in this study, 50 
cylinders tested below the mean and 43 
cylinders tested above the mean. The 
standard deviation* amounts to 516 psi 
and the coefficient of variation} is 12 percent. 


The increase in the coefficient of variation 
over the 7-day tests is probably due to the 
increase in difference between the laboratory 
and field cured cylinder strengths. 


28-day tests (Type Ill cement) 


Both laboratory and field cured cylinders 
were used in this analysis also, and the differ- 
ence between the two was 4 percent. Lab- 
oratory cured cylinder strengths averaged 
5000 psi and the field cured averaged 4800 
psi. The mean for the two was 4894 psi; 
43 cylinders tested below the mean and, in 
this final study, 39 tested above the mean. 
The standard deviation* amounts to 437 psi 
and the coefficient of variationf is 9 percent. 


Fig. 1 summarizes the test results. 


CONCLUSION 


The Danish National Institute of Building 
Research sets up the following relationship 


*Standard deviation is calculated from the formula 
Jn . 
= /=>(X — X)? 
c= \/ 1 
—_————— 
standard deviation 
deviation from the mean 
F number of tests 
+Coefficient of variation is calculated from the formula 
‘a 
coefficient of variation 
standard deviation 
= mean cylinder strength 


where 


x= 


where 
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ileveloped by Stanton Walker of National 
Heady Mixed Concrete Assn.) as a measure 
the quality of workmanship: 


Coefficient 
f variation, 
percent 


Quality of workmanship 


5 | Attainable only in well con- 
| trolled laboratory work 

10 | Excellent—approaches lab- 

oratory precision 

12 Excellent 

15 Good 

18 Fair 

20 Fair 

25 Bad 


minus 


ACI Commitee 214 proposes the following 
standards of concrete control:* 


*ACI Committee 
I y i 1- 


21 
*roc. V. 52, pp. 241-257. 


4, “Evaluation of Compression Test Results of Field Concrete,"’ ACI Journat, Nov 


801 


Coefficients of variation for 
different control standards 


Class of 
operation 


I:xcel- 


lent | Good) Fair Poor 


Over-all varia- 
tions: 
General con- 
struction Below 10.0 15.0 
to to 


15.0 | 20.0 


A I ove 


10.0 20.0 


As can be seen from the above, the con- 


crete tested on this job was “excellent 


approaches laboratory precision’? in two 


cases and “excellent’’ in the third case on the 


Danish basis, and ‘“‘excellent’’ in one case 


and “good”’ in the other two cases judged by 
ACI Committee 214 recommendations 


1955 





Problems and Practices 





A series relating to “down-to-earth, every- 
day” concrete problems which attempts to give 
brief answers to the more common (and some- 
limes uncommon, too) questions asked about 
concrete design and construction practices. 

To some, the answers will seem simple and 
obvious; others may prove to be extremely 
controversial. 

All ACI members are invited to participate 

either by submitting an inquiry, or even 
better, by telling JouRNAL readers how an in- 
triguing problem was solved. It may well be 
that readers will be able to suggest more prac- 
tical solutions to inquiries than those presented. 

Q. Condensation on the ceiling of an open 
outdoor shelter has been so severe that the shelter 
s almost unusable. The condensation usually 
occurs on warm days following cool nights and 

8o severe that 
shelter 


“rain” inside the 
rain outside. The 
inderside of the flat slab is exposed and has 
been painted. What can be done (1) to correct 
the condition in the existing shelter; (2) to 
prevent its occurrence in future designs? 

1. The 


using 


it creates 


when there is no 


conditions 
forth quite 


theory relating to 


condensation is set 


adequately in. two papers published in the 
ACI Journat: ‘Prevention of 
in Basements,” by C. C. Fishburn, Feb 
1948, Proc. V. 44, pp. 421-436; and ‘““Thermal 
Insulation of Concrete Homes,’’ by A. Stone, 
May 1948, Proc. V. 44, pp. 849-876. Briefly, 
the conditions favoring condensation are: 


Dampness 


a sufficient differential in temperature between 
a cold surface and warm air to cause the au 
immediately adjacent to the surface to reach 
the dew point. 

A specific answer to the question should 
perhaps be given in two parts: (1) Sinee 
the structure described is open, the use of 
forced ventilation, often effective in base- 
ments, may not be practicable or desirable 
Possible remedies are then limited to either 
insulating the cold surface or warming it 
If insulation is attempted, a material which 
provides a vapor barrier in addition to its 
The 
practical problem of attaching the insulation 
and its 


insulating qualities would be desirable. 


resulting appearance will require 


consideration. Perhaps a more attractive 


solution could be developed using electric 


heating elements or infrared heating units 


which could be attached to the ceiling in 





802 


some regular geometric pattern, similar to 
light fixtures. These heating elements could 
be turned on whenever moisture of conden- 
If no attend- 
ant is permanently stationed in the building, 


sation is noted on the ceiling. 


it might be possible to develop a thermostat- 
operated automatic would 
require data on the temperature of the ceiling 
and the wet-and-dry bulb air temperatures. 
(2) Either of the suggested remedies for the 
existing structure might well be incorporated 
In addition, 


control, which 


into the design of a new one. 
it would be possible in a new structure to 
heating 
insulation directly in the lower portion of 
the slab when it is cast. 


incorporate the elements or the 


* * * * 


Q. What are the current recommendations 
and practice for placing bond beams, reinforce- 
ment, and control joints in concrete masonry? 
What are the characteristics of good masonry 
construction? 

A. Some of the understood but 
important details of concrete masonry wall 
which 
difference between ordinary and good con- 
covered by K. C. Tippy in 
“Good Practice in Concrete Masonry Wall 
Construction” (ACI Journat, Feb. 1942, 
Proc. V. 38, pp. 317-328). 

The report “Cracks in Exterior Masonry 
Bearing Walls Occurring Where Concrete 
Roof and Floor Slabs Bear on the Walls,”’ 
by A. M. Korsmo and B. M. Thorud (ACI 
JOURNAL, Sept. 1940, Proc. V. 37, pp. 49-56), 
describes in detail a type of defect which 
has many buildings—a 
first step toward solution of a general problem. 

The use of joints in 
masonry walls is relatively new, and such 
application varies in different areas of the 
country. ACI Committee 331, Structures of 
Concrete Masonry Units, organized in 1953, 
is investigating these practices. As yet, this 
committee has not prepared nor agreed upon 
any final recommendations. 

The following from a_ talk 
delivered to the Construction Specifications 
Institute, September, 1955, by George Kogel, 
president, Cincrete Corp., Long Island City, 
N. Y., is of interest. 

The characteristics of what may be con- 
sidered a good block may be summarized as 
follows: 


less 


construction details represent the 


struction are 


been observed in 


control concrete 


information 
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1. Freedom from staining and popping 
2. Trueness of dimensions 
3 
4 


Resistance to breakage and chipping 
Appropriate texture 

5. Resistance to cracking 

Concerning the first four qualities, specifi- 
cations should not tell the manufacturer how 
to make the product, but tell what qualities 
are desired. Specifications may be tailored 
to suit the particular case. For examp| 
more stringent requirements are needed fo: 
exposed areas in a bank building than for 
garage. 

The last quality—resistance to cracking 
is the most controversial. There are a host 
of factors that give rise to cracking in block 
walls and there are many practices (most of 
them which 
occurrences. 


new ) can prevent — suc! 
Cracking may arise from: 
1. Bad workmanship i! 


footings and foundations. 


design and/or 
2. Undue stresses in the structure occurring 
such as 
hurricanes and earthquakes or interna! 
factors such as vibrations and loads. 


from either external factors 


Abnormal distortions such as expansion 

of elements in roofs and floors. 
4. Movements due to temperature changes 
which can act either 
combination—are the re 
sponsibility of the block manufacturer. Th« 
architects, contractors, and engineers must 
assume full responsibility here. 


None of these factors 
separately or in 


5. The fifth factor affecting cracking rises 


from changes in the basi 
material due to moisture changes. In 
other words, possible shrinkage in th: 
block itself. Here the block 


facturer has a degree of control and 


volume 


manu- 


proper specifications can insure satis 
performance. Many 
cations have stipulated a 40 
moisture content have secured 
satisfactory end results. More 
gent specifications (U. 8. Army Corps 
of Engineers) have required 30 percen' 
moisture content with good results. 
High-pressure curing tends 
produce a dry unit. However, there ar 
other methods of securing dry block: ad 
ditional drying after high temperature stea: 
curing, covered storage for adequate period 


factory specifi- 
percent 
and 
strin 


steam 


of time, protection of units on the job sit 
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There is enough evidence to indicate that 
et or green block will invite cracking from 


ossible shrinkage. In this connection, there- 
re, moisture content limitations are impor- 
unt and thus dry block. The following pre- 
utions (not prohibitively expensive) should 
so be explored to increase resistance to 
racking. 
1. The simple expedient of increasing web 
and shell thickness. Solid block 
be used to great advantage. 


may 


Use of expansion and control joints in 
walls over 25 ft in length. 
Use of mortar joint steel reinforcing. 
Use of horizontal reinforcing such as 
bond beam block units. 

5. Use of proper mortar mixes 


* * * . 


Q. One of the most common problems is 


the temperature and/or shrinkage cracking 
observed in reinforced concrete floors in in- 
Section 7 of ACI 318-51 


specifies the minimum quantity of reinforce- 


lustrial buildings. 


ment required for temperature and shrinkage 
hut says nothing about location of it in the slab. 

Would it be advisable to put the whole amount 
of shrinkage and temperature reinforcement in 
the top part of the floor slab, leaving at the 
bottom of the slab as little 
possible which is normal to the 


reinforcement as 
principal re- 
inforcement? 

A. In a slab equally exposed and with 
equal restraint on each face, the shrinkage 
reinforcement would logically be located in 
the center or equally distributed about the 
center as in wall slabs. 

In slabs on grade, the subgrade restraint 
on the bottom and the usual drying and 
temperature effect from the top can result 
in warping up or down. For uniform loads 
alternating with unloaded areas as in ware- 
house floors, the critical design moments are 
negative; where wheel loads control design, 
the critical design moments are positive 
Normal practice is to place shrinkage steel 
next to the principal reinforcement so that 
it may also serve as spacing tie bars. Practical 
considerations favoring location of shrinkage 
steel in unreinforced slabs on grade near the 
top are: 

1. To avoid the common poor practice of 
laying steel on the subgrade and at- 
tempting to lift it into position during 
concreting by hooking it up. 


803 
2. To be most effective in keeping cracks 
tightly 


closed at the top where they 
are visible and therefore most objection- 
able. 

In suspended slabs with one-way principal 
reinforcement the common practice is to 
attach shrinkage steel to the top of bottom 
and to arbitrary 


reinforcement provide 


additional top bars in regions of negative 
The 
warping in such slabs may be expected both 


The 


be distributed as with a con- 


bending in direction of shrinkage steel. 


upward or downward. restraint at 
supports may 
crete frame or at the bottom as with a steel 
frame. For these reasons there is no clear 
cut theoretical advantage in location either 
at top or bottom, and the practical consider- 
ation of serving as spacing tie bars usually 
determines location of shrinkage steel 
. * * * 


A) What is the reason for changes proposed 
in the winter concreting standard and how will 
they affect under the 
1CI Building Code? 

A If the revisions proposed to the ACI 
Building Code (ACI 318-51) are accepted by 

ACI Com- 
Practice for 


ordinary construction 


the membership, the report by 
mittee 604, 
Winter Concreting’’ 
1955, Proc. V. 52, p 


approved 


“Recommended 
(ACI 
113), will become the 
procedure for all 


JOURNAL, Oct 


construction 
during cold weather under the ACI Building 
Code. 
in detail the requirements for cold weather 


Instead of attempting to set forth 


concreting, the proposed revision to the 
Building Code 
in the winter concreting standard 


Section 406 in the 


refers to “approved pro- 
cedures” 
Since the reference in 
proposed new Building Code is simply to 
Winter 


creting’’ (ACI 604), it automatically refers 


‘Recommended Practice for Con- 
to the latest winter concreting standard. If 


the proposed revision to the winter con- 
creting standard is accepted by the member- 
ship, the requirements for cold weather con- 
creting will be much more definite and will 


permit adjustment to a much wider range 
of winter conditions and materials 

The 1948 
(ACI 604-48) requires approximately 
the protection time at 50 F 


recommended by 


winter concreting standard 
twice 
than is now 
604. ACI 


604-48 does, however, provide for shorter 


Committee 


periods of protection at the higher temper- 
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ature of 70 F. The following tabulation and weather conditions, the new wint: 
summarizes the principal protection require- concreting standard has endeavored to insur: 
ments under the present winter concreting equivalent durability for concretes plac: 
standard (ACI 604-48) in comparison with during cold weather. The 1948 winte: 
the proposed new winter concreting standard concreting standard is based mainly or 
which has been submitted to the membership Securing equivalent strengths. It has beer 
for letter ballot. found that equivalent 28-day strengths do 
not necessarily represent equivalent dur- 
In addition to providing for variation in abilities unless air void parameters 
protection requirements for different materials similar. 


are 


ACI 604-48 Proposed revision to ACI 604 


Temperature, Time, Minimum Time 
Cement eg F days Cement and admixture temperature, days 
deg F 


Type I ; Type 1 + AE + 1 percent CaCl, 


or 
Type 1A + 1 percent CaCl. 


Type III : Type I + 1 percent CaCl. 
50 : 


Type IA or 
Type I + AE 
Notes: 
Type I 
No credit for CaCls. 
Type IIIA or + 1 percent 
No credit for air-entraining agent Type III + AE | CaCl. 


Type I and II cement are inter- Type III A or 
changeable. Type III + AE 


Temperature of fresh concrete at mixer: Type III + 1 percent CaCl 
Minimum—50 F 
Maximum—90 F Type III 


Notes: 
Type I and II cement are interchangeable. 
Allowance is also made for thickness of section, size of aggregate 


cement factor, and actual temperature by varying degree of 
protection required. 


Fresh concrete—sliding scale based on above factors 45 to 80 I 
No credit for higher than 59 F curinz. 


CaCl: not to be used for concrete requiring resistance to: (1 
sulfates; (2) stress corrosion; (3) electrolytic corrosion; (4 
alkali-aggregate reaction. It is unnecessary in mass concrete 


When CaCl is not used, equivalent results require ‘‘an extra sack 
of cement” per cu yd. 


*Indirectly specified; value shown obtained by interpolation 





CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Development of prestressed concrete 
in bridge construction 


1. C., RunpDLert, 
Engineers, V. 42, 


Journal, Boston Society of Civil 
No. 4, Oct. 1955, pp. 293-322 
Reviewed by Aron L. Mirsky 
Prestressed bridge construction practice as 
has evolved in the United States 
scribed, illustrated with brief descriptions of 
built to date. Some of the 
such as the importance of 


is de- 


the structures 
lessons learned, 
grouting after post-tensioning, are noted. 
See also 


Building,”’ 
733, July 


“Prestressing Practices in Bridge 
Proceedings, ASCE, Separate No 
1955, and discussion thereof: 
Reviews,’ ACI Journat, Jan 
Proc. V. 52, p. 597.) 


Current 
1956, 


Concreting of a prestressed concrete 
bridge in winter (Betonieren einer 
Spannbetonbruecke im Winter) 
Beton- und Stahlbetonbau 
1955, pp. 255-260 
Reviewed by VauLpis Lapsins 


loser E1isENMANN 
V. 50, No. 10, Oct 


Berlin) 


Entire construction of a small prestressed 
oncrete 


months 


bridge was executed during winter 
By special arrangement steam was 
ised for preheating aggregates before feeding 
them to the 


mixer. Throughout concreting 


ind curing period desired 


controlled by 


temperature 
heated and 


was 
means of well 


insulated superstructures 


Contribution to structural analysis of 
continuous concrete bridges (in Serbian) 


ALEKSANDAR VESIC, 


Belgrade), 
V. 9, No. 11, Nov. 


Nase Gradevinarstvo 
1955, pp. 228-251 


Reviewed by J. J. PotivKa 


Presents some simplifications in the analy- 
sis of continuous frame 
concrete, the 


bridges in reinforced 


beams and rigidly connected 


A part of copyrighted JournNaL or THE AMERICAN Concrete INnsTiTUTE, V. 27, No. 7, Mar 
Detroit 19, Mich. 
If it is followed by a foreign title the work reviewed is in that language 


V. 52. Address 18263 W. McNichols Rd., 
the book or article reviewed is in English. 


columns having either constant or variable 
Most 
re found under live 


unfavorable 
load 
and determined more 

Method of elastic 
Results for different 
ratios of stiffness (of beams and columns) are 
tabulated and 


cross sections. 


bending 
moments a acting on 


alternate spans, accu- 


rately by influence lines 


deformations is used 
presented graphically Even 
analysis is made, 
fied method of the 


if more accurate the simpli- 


author can be used 
advantageously for checking which is always 
statically inde- 


recommended for highly 


terminate structures. Numerical examples 


are instrumental for better understanding 


Plastic hinges at the top of slender 
bridge piers (Plastiténi zglobovi na 
krajevima vitkih mostovskih stubova) 
M. Trosanovic and A. Vesic, Nase Gradevinarstv: 
Belgrade), V. 9, No. 9, Sept. 1955, pp. 1229-1234 

Reviewed by J. J. PotivKa 


The study refers to spandrel supporting 


walls of arched bridges and to continuous 


concrete bridges in which the superstructure 


is rigidly connected with slender supporting 


walls and pilasters. Such supporting members 
subjected to longitudinal deformations of the 
due to shrinkage 


superstructure and plastic 


flow of concrete, to temperature changes, 


lateral forces, and other effects have to resist 
additional bending moments which normally 
would require increased reinforcement. The 
new conception of the authors is to permit, 
under certain conditions, formation of plastic 
hinges between the superstructures and the 
slender supporting walls or piers, thus saving 
reinforcement 


considerable This principle is 


continuous rein- 
three 


center spans of 102 ft and two end spans of 


applied to an example a 


forced concrete bridge of five spans, 


1956, Proceedings 
Where the E nalish title only is Riv en in a review 


In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 


original article is indicated in 


available through ACI. Available addresses of 


arenthesis following the English title. Copies of articles or books reviewed are not 
ublishers are listed in the June ‘Current Reviews” 


each year 


In most cases ACI can furnish addresses of publications added later 
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85 ft, interconnected with slender piers having 
a cross section 2 ft x 26 ft 6 in. and average 
height of 21 ft. 


Construction 
Prestressed roof beams of 123-ft span 


Concrete and Constructional Engineering 
V. 50, No. 10, Oct. 1955, pp. 370-371 


(London), 


Describes construction of deep, precast, 
prestressed concrete girders which resemble 
steel plate girders. Precast diaphragms were 
employed, the web and bottom flange were 
cast in the next step, and the top flange cast 
as the last step to avoid the risk of horizontal 
shrinkage cracks. A rather unusual method 
of erection was employed consisting of lifting 
the beams by hydraulic jacks to the required 
level and then moving them sideways to be 
lowered on the column seats. 


Big prestressed concrete tanks built 
with precast panels 
Perer J. Doanipes, Civil Engineering, V. 25, No. 9 
Sept. 1955, pp. 44-46 

Two precast, prestressed, concrete reser- 
voirs, each of over 9,000,000 gal. capacity, 
were built in South Africa. The method used 
in their construction combines prestressing, 
and processing. The 
tanks were prestressed temporarily during 
construction by ‘“‘flat’’ cables consisting of 
separate parallel wires. 


precasting, vacuum 


Final prestressing 
was applied by a tank winding machine of 
Swiss design 


An interesting application of sliding 
forms 


Sven-Erik Svensson, 
No. 2, 1954, pp. 109-112 
Reviewed by MarGaret Corsin 


Betong (Stockholm), V. 39, 


New method of construction consisted in 
casting large (1-m cube) concrete block units 
on shore by means of the Concretor-Prometo 
hydraulic sliding form system developed in 
Sweden. The blocks for this breakwater in 
Sicily were cast in wall sections (20 blocks 
long, 6 blocks high, and 1 block wide) divided 
vertically by sliding sheet steel partitions 
attached to the outer sliding steel forms, and 
horizontally by sheets of paper. After hard- 
ening, the blocks were moved one by one and 
submerged in place by a specially designed 
traveling crane. The method proved eco- 
nomical and well suited for this unusual job. 
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Humidity in construction (L’humidite 
dans la construction) 

P. Lemoine, Memoires, Societe des Ingenieurs Ci 

de France (Paris), V. 107, No. 2, Apr.-May-June 1954 
pp. 189-195 


Reviewed by Aron L. Minsk 


Problem is analyzed in terms of the ji 
terior and exterior temperatures and humidi- 
ties, and type of wall construction (homo 
geneous or heterogeneous). Insulation with 
vermiculite concrete is described. 


Shell roof at Edinburgh 


Concrete and Constructional Engineering 
48, No. 10, Oct. 1953, pp. 323-326 


London 


Describes a shell roof for a building 190 
ft long, 60 ft wide, and 38 ft high. The shel 
was eliptical and spanned between reinforced 
tied to 
gether with large edge beams at the eaves 
To do sO Tt- 
quired some unusual forming on the under 
side of the shell. 


concrete frames 31 ft on centers 


All concrete was cast in place. 


Allocation and use of rigs expedite 
7.6-mile canal job 


Contractors and Engineers 


pp. 22-27 


V. 52, No. 12, De 
Slip-forms were used for placing gravel 
pavement in the 7.6 
mile Gateway Canal in Utah. The canal is 
scheduled for complétion 18 months ahead o/ 
The work includes 17,000 cu yd ol 
concrete for canal lining and 5000 cu yd ol 


subbase and concrete 


schedule. 


concrete for structures. Crossing steep 
canyons is accomplished by seven concret 
siphons for which some 2000 linear ft ol 
11-ft inside diameter precast pipe is required 
Illustrations of the slip-form, the subbas 
placing, concrete placing, and concrete sealing 


compound application are included. 


New concreting method saves 28 days 
Eart Taster, World Construction, V. 8, No. 3, May 
June 1955, pp. 34-35, 65 

An ingenious placing method was developed 
to place 15,000 cu yd of concrete in a deep 
substructure. Because of the great dept 
of the structure grade, placing | 
bucket seemed too slow and placing by op 
chutes was prohibited because of the lo! 
drop which would cause segregation. Rubbe' 
suction hose of 8-in. diameter was employed 
and found to be effective. As a 
specially reinforced 8-in. hose was used 


below 


result 
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eliver concrete from the trucks to hoppers 
t the forms. To facilitate changing sections 
f hose a quick-change coupling was devised. 
\ relatively large area could be covered with 
changing the hopper 
Because of this fact a complete 
could be made 
The article illustrates the 
and 


ich hose without 


ation. 
jlacement with only one 
etup of hoses. 
used discusses 


quipment production 


rates in detail. 


New silo for rock salt (Nevartiger 
Rohsalzsilo) 


jens SrarKe, Beton- und Stahlbetonbau 
V. 50, No. 10, Oct. 1955, pp. 260-263 
Reviewed by VaALpis Lapsins 


Berlin), 


General description, design, and con- 
struction features of a new type of silo of 
2000-ton capacity for storage of rock salt. 
15 m. Its bottom 


forms a 50-deg cone along which salt lowers 


Diameter of the silo is 


to an open round platform at the foot of the 
cone. From there it is scraped off by rotating 
rings and scrapers to a gutter beneath the 
platform. 
it is conveniently accessible for transporting 


Since gutter is all around the silo, 


salt further to points in the refining factory. 
Special consideration is given to condensation 
problem and to protection of concrete from 
chemical action. 


Guniting cuts cost of storage igloos 


Contractors and Engineers, V. 52, No. 7, July 1955 


pp. 16-18 
eliminated the necessity of 


forms for the 


Shotcreting 
outside construction of Air 
Force storage igloos. Describes changes in 
specifications authorized to permit the more 
economical method of construction. Curved 
walls ranging from 6 to 18 in. thick were con- 
structed by shotereting. Plastering was also 


ipplied by that process. 


Six special forms help complete six 
concrete homes daily 


4. N. Mavrovupis, Contractors and Engineers 


V. 52 


No. 12, Dee. 1955, pp. 6-8 


Describes construction operations on an 
$11 million housing project totaling 1583 
homes. The forms are especially designed to 
permit a monolithic casting to be made for all 
interior and exterior bearing walls of the 
houses. The forms are completely mechani- 
cal in erection and include an attached work- 
ing platform, attached built-in concreting 
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attached vibrators 
The entire form for a complete house weighs 
Roof slabs for the 
homes are 4 in. thick precast concrete slabs, 


chutes, and pneumatic 


approximately 35 tons 


cast one upon the other in groups of 15 at a 
These slabs are handled 
by 50-ton cranes with vacuum lifting mats 
The finished homes cost from $6000 to $6200 


rate of one per day. 


depending on the site. 


The Dortmund-Ems Canal (Der Dort- 
mund-Ems Kanal) 


4. ROEHNIS( Hu, VDI Zeitachrift (Diisseldorf). V. 97 


1955 

Planning—Canal cross sections and bank stabiliz- 
ing—Alignment (Planung—Kanalquerschnitte und 
Uferbefestigung—Linienfuehrung) 

No. 15/16, May 15 161-466 


Locks—Bridges and canal overpasses—Siphons 

and culverts (Schleusen—Bruecken und Kanalue- 

berfuehrungen—Dueker und Durchlaesse) 

No. 24, Aug. 21, 1955, pp. 833-837 
Reviewed by 


1955, pp 


Anon L. Mirsky 


Project was necessitated by growth of 
traffic and by changes in dimensions 
Articles afford 


of this type of facility 


wate! 


of barges. a good summary 


Structural modifications using high- 
tensile steel wire cables 

T. A. Hueues, The Engineering Journal (Montrea! 
V. 33, No. 11, Nov. 1955, pp. 1527-1530 


Reviewed by Aron L. Mirsky 


During modernization of a grain elevator 
at Quebec, a 


structed under an existing concrete car shed, 


conveyor tunnel was con- 


necessitating removal of central row of 


columns. Prestressing, using post-tensioned 
cables, enabled existing concrete beams to 
support roof over double the original span 
Design and execution are described 


Concrete skyscraper designed for hur- 
ricanes 
Engineering News-Record, V. 155, No. 23, Dee. 8 
1955, pp. 38-40 

Structural framing used in the 
Havana Hilton Hotel, a 24-story 
concrete structure, required large reinforced 


system 
reinforced 
concrete columns for the first three stories 
Above the first 
bearing walls of reinforced concrete were used 
to stiffen the 
The 


these transverse bearing walls is carried to 


three stories, transverse 


structure against hurricane 


forces. lateral forces transmitted by 
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the columns by a one-story high box girder 
at the fourth-floor level. Thickness of the 
lateral bracing-bearing walls varied from 8 
in. at the 23rd floor to a total of 20 in. at the 
third and required up to 5000-psi 
concrete. 


floor 


Placing concrete in winter without 
heating (in Russian) 


V. M. Mepvepev and G. A. Suisno, Gidrotekhnicheskoe 
Stroitel’stvo, V. 23, No. 5, 1954, pp. 1-5 
CreraMic ABSTRACTS 
July 1955 (Kamich) 
Use of aqueous solutions of CaCl..and NaCl 
in a large number of experiments made it 
possible to place concrete at temperatures 
down to — 20 deg without heating. Strength 
in winter reached 200 kg per sq cm. The 
concrete resistant. 
Further investigation is required to deter- 
mine the life of the concrete and also the 
causes of corrosion of 


was dense and frost 


reinforcement in in- 
sufficiently dense concrete. 


Thin-shell concrete roof built on steel 
falsework 
RaLtPH Monson, Contractors and Engineers, V. 52, 
No. 11, Nov. 1955, pp. 12-17 

A thin-shell roof, 200 ft wide and 400 ft 
long, encloses the indoor practice field at the 
University of The steel 
falsework consisting basically of 
three continuous 8 ft deep welded arch 
trusses, provided one of the more unusual 


Wisconsin. arch 


system, 


features of construction. Two bays consist- 
ing of one full rib in the center and half ribs 
at each end connected by the 3 in. thick roof 
shell were placed as a unit. Seven of these 
57 ft wide placings completed the structure. 


Circular shell dome cast on earth 
mound 
Frev K. Fricke, Civil Engineering, V. 25, No. 12, 
Dec. 1955, pp. 33-34 

A 218-ft diameter, 5 in. thick, concrete 
shell dome will roof the civic auditorium at 
Albuquerque, N. M. The auditorium will 
seat 6000 persons in balcony-type seating 
around the arena. The ring beam ‘will be 
prestressed by wrapping high-strength wire 
(No. 8 gage) approximately 650 times around 
the diameter. The construction sequence 
planned is to place all the perimeter foun- 


dations and then utilize a temporary fill 
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surfaced with soil cement as the inner form 
for the dome itself. 


Concrete sheet piling forms box culvert 
walls 


Contractors and Engineers, V. 52, 
p. 42 


No. 7, July 1955 

Reinforced concrete box culverts for th 
Nebraska Highway Department utilized pre- 
cast concrete sheet piling for the walls and 
foundation. The culverts were completed }) 
cast-in-place slabs. 


Dams 


North of Scotland hydroelectric 
schemes: The Tummel-Garry scheme 
The Engineer (London), V. 200, No. 5197-5200, 1955 
Sept. 2, pp. 334-339; Sept. 9, pp. 375-378, Sept. 1 
pp. 398-400; Sept. 23, pp. 434-437 
Reviewed. by Aron L. Mirsky 
Scheme is expected to generate some 300 
million kwhr annually in three power station: 
Errochty Dam is of diamond-headed buttress 
type, each buttress being statically inde- 
pendent of the adjacent buttresses; maximum 
height is 130 ft and total length is 1300 ft 
of which 180 ft is solid gravity section 
Design of dam, and a comparison of various 
buttress dam designs used in recent projects 
by the North of Scotland Hydro-Electri 


Board, are covered in second part. 


Proceedings of the 3rd Japan National 
Congress for Applied Mechanics 
Japan National Committee for Theoretical and 
Applied Mechanics, Science Council of Japar 
Ueno Park, Tokyo, 93 papers, 442 pp. 
divided into four 
The first section includes elasticity, plasticity 
and soil mechanics. 


Material is sections 
Three papers deal with 
plate theory, one on circular plate and two 
on rectangular plate analysis for different 
edge conditions. The general method pre- 
sented in one paper is applicable to co1 
centrated as uniform loads. Fiv 
papers are included on shell theory: one is 
experimental stress and strain measurements 
on cylindrical shell models with various ed 
conditions; two are theoretical analyses 
cylindrical shells; the remaining two d 
with buckling and earthquake stresses 
shells. Papers applicable to reinforced c 
crete design or analysis conclude with 


as well 
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nalysis of the shearing resistance of rein- 
orced concrete walls by the ‘compression 
liagonal field theory.’’ All papers are con- 
ise with one general criticism applicable to 
ul in that diagrams and tables have been 
educed in many cases to a degree that is 
lifficult to read. 


Design of piers, jetties, and dolphins 
Daviw A. Hopkins, Proceedings, ASCE, V. 81, 
Separate No. 727, June 1955, 16 pp., $0.50 
Discusses the design of piers, jetties, and 
dolphins with particular reference to the 
lateral loads from berthing ships which these 
structures must withstand. Design principles 


ire discussed and two examples of pier 


design are reviewed. The paper shows how 
the impact energy of a berthing ship may be 
the 


structure without the need for any special 


ibsorbed by elastic deformation of a 


system of spring fendering. The application 
of prestressed concrete to these purposes is 


discussed in the review of designs. 


On some aspects of the theory of thin 
elastic shells 


Eri 
gineers, V. 42 


Reissner, Journal 
No. — 


Boston Society of Civil En- 

Apr. 1955, pp. 100-133 

Reviewed by Aron L. Mirsky 

Mathematical treatment of theory is in two 
First the 
theory, stress-strain relations being obtained 


parts. part covers membrane 


by minimum-energy methods. Truncation of 
resulting expressions reduces them to form 
useful for analyzing shallow membranes; 
this leads to solution of problem of stresses 
and displacements in a hyperbolic paraboloid 
due to its own weight. Second part concerns 
general shallow-shell theory. The problems of 
buckling and of effect of support conditions 
in the case of the hyperbolic paraboloid shell 


acted on by its own weight are analyzed. 


High building frames and foundations 
ArTuurR L. L. BAKER, Proceedings, Institution of Civil 


Engineers (London) 
pp. 228-245 


Part III, V. 4, No. 2, Aug. 1955, 


Reviewed by Aron L. Mirsky 


load 


concrete 


Plastic-hinge (ultimate theory as 
applied to 


briefly 


reinforced frames is 
presented, and its application to a 
four-bay frame with any number of stories 
Wind loading as 
loading is treated. 
The design of raft 
briefly discussed 


shown. well as vertical 


foundations is also 
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Paper is one of four presented at a sym- 
posium on high buildings (at least 200 ft on 
Other three 
social and town-planning significance of such 


20 stories high). papers treat 
structures, the traffic and parking problems 
they create, and their foundations; discussion 
of all four papers is printed on pp. 275-313 


Bending of a straight beam under 
transverse loading: Impulse and step 
functions in elementary problems 

A. W. Giuies, London), V. 180, No 
4672, 4673 211-213; Aug. 19, 1955 
pp. 244-245 


Engineering 
Aug. 12, 1955, pp 


teviewed by Aron L. Mirsky 


Methods 


[operational calculus and Laplace transforms 


familiar to electrical engineers 
are applied to the analysis of beams under 
arbitrary transverse loadings by Macaulay's 
method. Worked examples illustrating us¢ 
and simplicity of method are given in second 
part 
Interested 
“The 


Function to 


readers are also referred to 
Heaviside’s 
John | 


ASCE, Separate No 


Application — of 
Beam 


Step- 
Problems,”’ by 
( roldberg, Proceedings. 


202, 1953 


Bending and axial stresses in circular 
columns 
R. J. 


neering 


BaRTLET?T, Concrete Constructional Eng 
London), V. 50, No. 8, Aug. 1955, pp. 293-298 


Develops a method for analyzing stresses 


in a circular reinforced concrete column in 
bend- 
load 


than one 


which tensile stresses are caused by a 
ing 
If bending moments exist on mort 


moment combined with an axial 
plane they may be combined vectorially into 
one bending moment and this method used 
further The 


at right angles to the plane of 


without correction neutral 


axis will be 
the resultant bending moment. Design dia- 


grams and complet derivations are 


included 


Design of helical staircases 


JI.s8 Concrete and Const 


No. 5, May 


. COHEN 
London V. 50 


ructional Engines 
1955, pp. 181-194 


A method of designing helical beams with 


nonuniformly distributed loads and 


distributed 


non- 


uniformly bending moments 
and it 
Only 


ends are 


General equations are developed 


numerical application is included 


beams simply supported at their 


considered 
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Bending moment factors based on the 
theory of plastic hinges 
L. S. Muutuer, Concrete and Constructional Engineering 
(London), V. 50, No. 4, Apr. 1955, pp. 149-154 
Bending moment factors are tabulated on 
the conception of plastic hinges for uniformly 
distributed load, a concentrated load at the 
center of each span, and concentrated loads 
at the third-points of each span for continuous 
beams up to five equal spans. To show how 
the tables have been prepared, the factors 
for a beam of three equal spans are derived. 


Design of silos 


Concrete and Constructional Engineering 
V. 50, No. 4, Apr. 1955, pp. 170-172 


(London), 


A method of determining the horizontal 
pressure on walls of silos and of estimating 
increases in pressure due to dynamic forces 
during emptying. Includes a_ suggested 
method for eliminating the dynamic forces 
by including a safety tube in the design. 


Materials 


Experience with concrete with ad- 
mixtures of artificial resins (Erfah- 
rungen an Beton mit Kunstharzzu- 
satzen) 


E. Risser, Zement-Kalk-Gips 
No. 10, Oct. 1955, pp. 355-361 
Reviewed by H. H. 


(Wiesbaden), V. 8, 
WERNER 
The use of admixtures of artificial resins 
for repair work on concrete pavements and 
hydraulic concrete structures is reported. 
Patching methods are described and _illus- 
trated and experiences gained are discussed. 
Proper methods of application and a modi- 
fication of present 
suggested. 


laboratory tests are 


New method of processing fine aggre- 
gates (Le traitement des sables) 

I. Leviant, La 
(Paris), V. 
193-197 


Technique Moderne-Construction 
10, No. 4-5, Apr.-May 1955, pp. 157-162, 


Reviewed by ALEXANDER M. Tvuairzin 

A new hydraulic method of processing fine 
aggregates has been developed in Austria 
and patented under the name of Rheax. 
Processing equipment pear- 
shaped steel vessel which receives raw sand 
from a feeder tank at the top and a counter- 
current of water at the bottom. This vessel 
is designed on the principle of equality of 
speed of sand particles falling through still 


consists of a 
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water from the top of the vessel and thy 
water fed from th 
Since the equipment is calibrated 


ascending current of 
bottom. 
for a certain size of grains, all finer particles 
are entrained by the ascending current whil 
all larger particles fall through to the bottom 
of the There are three types of 
separators: vertical, horizontal, and 
In the last type the coars: 


vessel. 
com- 
pound type. 
grains are exposed several times and for a 
prolonged period to a turbulent liquid flow 
causing the clay coating to be washed from 
grain particles. This method has been used 
successfully on dam construction in Austria 
and Switzerland to: (1) eliminate unneces- 
sary fine particles; (2) separate larger sand 
particles into groups; and (3) obtain sand 
gradation close to the ideal granulometri: 
curve with great economy of operation. 
The removal of dust particles and selec- 
tion of an optimum sand gradation permits 
the reduction of the water-cement ratio and 
thus improves the workability of concrete 
It also prevents its segregation, increases its 
and 
against frost action. 


permeability, improves its resistance 
The greatest saving, 
however, is in the amount of cement used 
On the construction of one gravity dam, use 
of the processing equipment resulted in the 
reduction of cement from 3 bags per cu yd 
of concrete as originally required to 2.2 
bags. In 200,000 cu m of concrete there was 
a total saving of 10,000 tons of cement. It 
has been proved that installation of hydraulic 
classifiers is also economical in smaller plants 
such as those producing ready-mixed con- 
crete, provided the daily consumption of 
sand is 50 tons or more. 
of screens or movable parts in the classifier, 
there is practically no wear and tear, and th 
only power required is in the pumping ol 
water. 


Due to the absence 


Small space requirement, ease 0 
and large production 
makes this equipment highly desirable for 
processing of fine aggregates. 


operation, capacit) 


Tests of concrete admixtures 

Devtmar L. Bioem, Joint Research Laboratory Publi 
cation No. 2, National Sand and Gravel Assn. and 
National Ready Mixed Conerete Assn., Dec. 1955 
15 pp. 

A complete compilation of all laboratory) 
investigations made in the 
laboratory during the past 
consolidates and replaces 


associations 
10 years. It 


several earlie! 
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vartial The major 
ortion of data presents comparisons of the 
different 
ntrainment, effect on mixing water require- 


reports of progress. 


ffects of admixtures as to air 
ment, and compressive strength of concrete. 
Some comparisons on the resistance of a 
onerete to freezing and thawing are also 


given. 


Method of overcoming unsoundness 
in magnesian limes 
.. Demepivxk and J. 8S. HoskineG, Australian Journal 
f Applied Science (Melbourne), V. 6, No. 4, Dec. 
1955, pp. 516-528 

Indicates that unsoundness in magnesian 
or dolometic limes can be corrected by gaging 
the plasters or mortars from them with water 
containing calcium, magnesium, or ammonium 
chloride. Prior hydration of the limes to 
powders and putties with chloride solutions 
produces a similar result but is less effective. 
The added salts do not impair other physical 
properties of the limes nor mortar and plasters 
made from them. 


Problems of re-crystallization of La- 
farge aluminous cement (in Serbian) 


Gradevinarstro (Belgrade), V. 9, 
1955, pp. 191-196, 220-224, 


P. Brzaxovic, Nase 
No. 911, Sept.-Nov. 


252-255 


Reviewed by J. J. PotrvKa 
The first part reviews research development 
since 1846 by Vicat, the results of which 
have been confirmed by the laboratory of 
J. and A. Pavin de Lafarge, Rengade, and 
L’Hopitallier. Re-crystallization of alumi- 
nous cements was first thoroughly investi- 
gated by Freyssinet on the basis of effects 
suggested by Couillaud. Author thoroughly 
discusses chemical and physical properties of 
aluminous cements with reference to previous 
investigators: Sundious, Rankin and Wright, 
Bussem and Eitel, Westgreen, Thorvaldson 
and Schneider, Tavasci, Lagerquist, Wall- 
mark, Bogue, Duriez, Dreyfus, Lea-Desch, 
and Parker. Hydration of these cements, 
under normal conditions and under various 
temperatures, are discussed with reference to 
work by Brocard, 
factors are described with reference to ex- 
periments of Travers and Sehnoutka. 


and re-crystallization 


The second part compares tests of alumi- 
nous cements made in other countries with 


the author’s results. In his references some 
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of the American studies of practical appli- 
high-alumina cements should be 
mentioned, e.g., the curing by 
H. 8S. Mattimore. The paper ‘The Consti- 
tution of Aluminous Cement,’ presented by 
T. W. Parker at Third International Sym- 
posium on the Chemistry of Cement, London, 
1952 


and chemical properties of aluminous cements 


cation of 
methods of 


is also of interest. Various physical 


are thoroughly discussed and amply _illus- 
trated by diagrams, such as, time of setting 
the 
portland cement, strength during hardening 


and its variation with percentage of 


under water at temperatures of 16 and 35 


C (during 7 days), considerable changes in 
strength during curing in humid air under 
the aforementioned temperatures during 90 
resistance 


\ chapter 


aluminous 


days, temperatures of hydration, 
against corrosion and alkali water 
is devoted to the technology ol 
cements, their special grades and practical! 
uses. 

The last part of the paper reports on tests 
made at the Institute for Testing Materials 
NRS at Belgrade 


were investigated. 


Two groups of cements 
In the first group, samples 
were taken from various construction sites 
tests were performed with pure aluminous 
cements and with 10 to 50 percent admixtur 
to regular portland cement (under wate 
having temperature 17-18 C 


decreased from 4 hr 11 min to 2 min 15 sec 


: time of setting 


Samples of the second group were taker 
from the bins of the Puli plant prepared and 
tested according to Standard JN 401 
pressive strength increased during 1 to 180 
days from 1140 to 9050 psi 
regarding corrosion in sulfate (sodium sulfate 


Com- 
Special tests 


are described. 


Pavements 


Asphalt surfacing on concrete bases 


Engineering (London), V. 180, No. 4671, Aug 


1955, p. 179 


Reviewed by Aron L. Mirsky 


Cooperative investigation of existing roads 
by Asphalt Roads Assn. and Cement and 
Concrete Assn. has resulted in récommenda- 


tions for construction of asphalt-surfaced 


concrete-based roads, including continuous 


reinforcement of base and minimum 2 in 


thickness of surfacing 
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Extension of the runway at R. N. Air 
Station, Belfast 


Leste R. Greenaway and Joun Ca.uacin, Proceed- 

ings, Institution of Civil Engineers (London), 

Part II, V. 4, No. 3, Oct. 1955, pp. 539-571 (including 
discussion) : 

Reviewed by Aron L. Mirsky 

An 1100-yd runway was strengthened and 

a 900-yd extension constructed to handle 

jet aircraft, all on poor subgrade (reclaimed 

land). Construction practices are described. 


Prestressed concrete roads 
James P. Storr, Proceedings, Institution of Civil Engi- 


neers (London), Part II, V. No. 3, Oct. 1955, pp. 


491-538 (including discussion) 


Reviewed by Aron L. Mirsky 
Survey of the present status of prestressed 
their characteristics, 
advantages and disadvantages, the effects of 
cracking, stress distribution (prestress, traffic, 


road slabs, covering 


temperature, and subgrade restraint), and 


costs 


Precast concrete 


Foundry building of precast concrete 
members 
Engineering (London), V. 180, No. 4682, Oct. 21, 1955, 


pp. 574-575 


Factory structure in precast concrete 


The Engineer (London), V. 200, No. 5200, Sept. 23, 


1955, pp. 448-449 
Reviewed by Aron L. Mirsky 

Factory at Nuneaton, 267 x 500 ft, covers 
200,000 sq ft 


arches 


Roof frames are three-hinged 
formed of two L-shaped members, 
with the carrying 
Precast reinforced concrete was used in view 


columns crane beams. 
of the corrosive nature of the atmosphere; 
no advantage was seen in prestressing in 
this case. 


Tied-arch frames of precast concrete. 
Workshops with 90-ft clear floor width 
Engineering (London), V. 180, No. 4671, Aug. 5, 1955 
pp. 186-187 

Precast concrete factory structure 


The Engineer (London), V. 200, No. 5193, Aug. 5, 


1955, pp. 194-196 
Reviewed by Aron L. Mirsky 

Factory for production of precast concrete 
units is designed for maximum mechanization, 
thus requiring maximum open floor areas. 
Main casting shop is 250 x 90 ft; a second 
structure contains the bar bending shop, 
150 x 90 ft, and the mechanics shop, 50 x 90 ft. 
Structural system utilizes 


arched concrete 
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frames of V-shaped section, 15 ft wide and 
90 ft in span, spaced 25 ft apart; space 
between frames is spanned by hipped sky- 
lights. Frames were precast and erected in 
sections and prestressed to carry usual roo! 
loads plus 14 one-ton monorail loads. 


New type of precast arch roof 
Concrete and Constructional Engineering (London 
V. 50, No. 9, Sept. 1955, pp. 329-332 

Precast, prestressed rigid frames of 90-ft 
clear span were used to construct a factory 
The rigid 
frames were precast in segmental units which 
were used to form the arch member as a unit 
The precast column segments were assembled 


for precasting concrete products. 


and attached to the arch during construction 


Prefabricated concrete trestles for high 
tension lines (Betonnen afspanpor- 
talen) 


C. H. Datesoupt, Cement (Amsterdam), V. 7, No 
5-6, June 1955, pp. 114-117 
Reviewed by Jonn W. T. Van Err 


The 


members, 


portals are made of prefabricated 


columns of conventionally rein- 
forced concrete, beams of box section, pre- 


This 


was (1 


stressed 
method 


post-tensioned concrete. 


was selected because it 
cheaper than steel; (2) better suited to the 
corrosive atmosphere of the mine district 
(3) earlier delivery date than for steel; and 
(4) entire contract, foundations and super 


structure, awarded to one contractor 


Prestressed concrete 


Single-wire prestressing 


Engineering (London), V. 180, No. 4671, Aug. 5, 1955 
p. 190 


Reviewed by Aron L. Mirsky 

Brief report of lightweight equipment di 

signed for tensioning one 0.276-in. diameter 

Capacity is 15,000 Ib; pum 
weighs slightly more than 7 lb. 


wire at a time. 


Formigli Brothers and prestressing 
R. L. Peck, Pit and Quarry, V. 48, Mo. 6, Dec. 1955 
pp. 168-176 

New plant of Formigli Brothers, Inc., pro 
duces prestressed pre-tensioned channel slab- 
and twin T-slabs, and 
tensioned girders. Slabs are available fo 
spans up to 40 ft; girders, for spans up t 
80 ft. Illustrates production methods an 
equipment. 


prestressed post 





CURRENT REVIEWS 


Properties of concrete 


Prospective chemistry of cement and 
concrete: Xi—Chemistry of the ele- 
ment silicon 
N. C. Rocxwoop, Rock Products, V. 58, No. 1, Jan. 
155, pp. 100-101 
Ceramic ABSTRACTS 
July 1955 (Barbour) 
Traces the valence bonding of the silicon 
ion in the reactions occurring in the formation 
of silicones and compares it with that of the 
hydration of cement, where the reaction takes 
place between colloidal particles rather than 
from a true solution. 


Standard for testing cement by the 
plastic mortar method (Plastische 
mortelmethode voor cementkeuring) 
C. VAN DE Fuirert, Cement (Amsterdam), V. 7, No. 
5-6, June 1955, pp. 95-99 
Reviewed by Jonn W. T. Van Erp 

The old method of testing of briquets 
and small cubes (3-in. sides) made of a stiff 
mix is compared with a new method which 
uses larger samples, 61% x 134 x 134 in., made 
of plastic mortar. This method has been 
found superior to the old method (giving 
much better consistency in the test results) 
by the Netherlands State Road Laboratory 
over a period of 10 years, during which it has 
been in use for various conditions. 


Some volume changes in mortars and 
concrete 
F. O. ANpeREGG and J. A. ANpeEREGG, ASTM Bulletin, 
No. 210, Dee. 1955, pp. 60-64 

Reports research on three problems in- 
volving volume changes. (1) Correlation of 
autoclave expansion of neat cements with 
masonry movements—The authors conclude 
that a limit of 1 percent maximum autoclave 
expansion for neat cement specimens should 
until more experimental 
evidence indicates that it is critical. Their 
research indicates that autoclave expansion 


not be adopted 


of neat cement specimens is not necessarily 
representative of autoclave expansion occur- 
ring in mortar specimens. The 
tests on specimens up to the age of 100 years 


results of 


suggest that some of the reactions occurring 
in the autoclave are other than hydration of 
MgO. (2) Effect of sand grading on shrink- 
mortar and concrete—This 


gation was intended to determine the effect 


ige in investi- 
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of the fineness of the sand used in the mortar 
on shrinkage cracking. It is concluded that 
the shrinkage of mortar seems to increase 
proportionally to the amount of fines (passing 
No. 50) in the sand. 


in concrete 


(3) Moisture movements 
made blended cements 

The blends referred to are blends of portland 
cement and natural cement. It is concluded 
that neither the initial shrinkage nor the 
moisture movement were appreciably affected 
The 


pastes seem to be the most important factor 


from 


by the blending. volume of cement 


Structural research 


Mechanical analogy to a plastic hinge 
J. W. H. Kine and D. E. Jenkins, The Engineer 
(London), V. 200, No. 5208, Nov. 18, 1955, pp. 720-722 

Reviewed by Aron L. Mirsky 
and use of an 


Describes development 


analogous plastic hinge for use in model 


analysis of 
justed to 


structures. Hinge can be ad- 
number of 


members from one to four and to develop a 


accommodate any 
wide range of collapse bending moments; an 
advantage is that neither it nor the members 
are destroyed when a plastic hinge is formed 
in the tests. 


Strength in shear of reinforced concrete 
beams 

A. Laupa, C. P. Stess, and N. M. Newmark, Bulletin 
No. 428, University of Illinois Engineering Experiment 
Station, Mar. 1955, 73 pp 

Combines and continues the development 
of shear strength equations presented in the 
series “Shear Strength of Reinforced Concrete 
Beams”’ in the ACI Journat (Proc. V. 51 
Dec. 1954, p. 317; Jan. 1955, p. 417; Feb 
1955, p. 525; Mar. 1955, p. 697). 

Object of the investigation was to review 
and correlate the results of previous research 
in the fields of shear and diagonal tension to 
determine the modes and characteristics of 


shear failure of reinforced concrete beams 
and to establish a general expression for the 
shear strength of reinforced concrete beams 
A new emperical equation was derived for 
simple span rectangular beams without web 


This 


equation was extended to include beams with 


: : 
mmetrical loads. 


reinforcement for sy 


web reinforcement, T-beams, continuous 


beams, and other loadings. It presents a 


new approach to the problem of predicting 


the shear strength of reinforced concreté 
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members subject to combinations of shear 
and flexure. The equations developed pre- 
dict ultimate shear strengths and would be 
used with 
various types of loading in design rather 
than designing for a given working stress. 


appropriate safety factors for 


A direct method for model analysis 


N. E. Lanppecx, Proceedings, ASCE, V. 82, ST 1, 
Jan. 1956, 15 pp. 


method of model analysis 


employing Plexiglas as a model material in 


Describes a 


which the stresses are read directly by the 
use of SR-4 gages. The method offers certain 
advantages in that the proper sign for stresses 
is unmistakable. The readings may be taken 
quickly at any point desired and loads may 
be applied at any point desired. Another 
advantage is that the required equipment is 
simple. 


Studies in composite construction. 
Part 2—Iinteraction of floors and beams 
in multistory buildings 
Woop, National Building Studies Research 
Paper No. 22, Building Research Station, Department 
A ery and Industrial Research (London), 1955, 
The 
multistory buildings is considered. Structural 
performance during experi- 
mental studies including loading to destruc- 
tion in structures. A mathematical treat- 
ment relating theory to actual performance 
under presented. The 
portion of the book is a general qualitative 
discussion likely to be of most interest to 
designers as well as final recommendations 
pointing toward simple rules for design. 
Remarkably accurate estimates for stress 
and deflection can be based upon the simple 
assumption that a certain proportion of the 
width of the slab acts as though it were a 
portion of the supporting beam. If beams 
(steel) are encased (in concrete), fixed end 
moments are altered and the rotational stiff- 
which will influence the 
maximum stresses in columns and _ their 
buckling loads. Estimation of collapse loads 
for floor and beam systems by use of modern 
plastic theories shows considerable promise. 
The most important conclusion is that 
elaborate calculations for the design of bare 
frames, which are to be made composite with 
walls and ‘or floors in the final structure, may 


interaction of floors and beams in 


was observed 


test is principal 


increased, 


ness is 
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Such calculations should 
concentrated on primary features only. 


be pointless. 


Plastic design of reinforced concrete 
under flexural loading (in Dutch) 

J. H. van Loenen, Cement (Amsterdam), V. 7, N 
5-6, June 1955, pp. 104-107 


Reviewed by Joun W. T, Van En: 


Results of tests on members designed }\ 
the n-free as well as by conventional elasti: 
theory are given. According to the code, 
15 although n = 6 seems more correct 
Allowable 
loads are derived from ultimate loads divided 


r= 
especially for instantaneous loads. 
by a safety factor. Ultimate loads occur by 
failure of concrete in compression or steel by 
yielding. Design equations are given for 
T-beams, beams with compressive reinforce- 
ment, and prestressed concrete. They give 
good correlation with test results, whereas the 
elastic design method gives only poor correla- 
tion and is worst for high percentages of rein- 
forcement. Finally, the influences of instanta- 
neous and long-term loading are analyzed 
For long-term loading it is found that the n- 
method of design gives a better picture of the 
stress distribution while the plastic method 
is best for predominating instantaneous loads 


General 


A history (Weit spannt sich der Bogen) 
Dyckerhoff and Widmann KG, Germany, 1955, 225 
pp. 


A history of the growth and accomplish- 
ments of the engineering and constructio: 
firm, Dyckerhoff and Widmann KG, on its 
90th anniversary. The book is profusel) 
illustrated, presenting brief descriptions o! 
outstanding construction projects by th 
firm in nearly every major country of the 
world. It 
buildings 


shows factories, dams, bridges 
featuring 
and reinforced 
beginning about 1900. Examples of thin 
shell reinforced construction beginning abou! 
1922 picture the development of this forn 
of construction as well as the important con 
tributions to its development by the firm 
Examples include structures of all sizes fron 
large scale test models to the largest marke! 
halls in the great cities of Europe. Othe 
impressive examples of construction includ: 
canals, dams, an 


and wide span, arc! 


roofs in masonry concreté 


jetties, breakwaters, 
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nodern grade separations on the national 
From 1930 on the firm’s work 
modern multistory 


utobahns. 
ncluded many 
nental buildings all over Germany. Military 
lefense construction in during 
World War II is shown including reinforced 
onerete ships and barges for use in Germany’s 
The firm also pioneered in the 


monu- 


concrete 


waterways. 
construction of prestressed concrete bridges 
The 


contribution to the recorded history of rein- 


ind buildings. book is a _ valuable 


oreed concrete construction. 


Rigid culverts under high overfills 
R. R. Rowe, Proceedings, ASCE, V. 81, Paper No 


823, Oct. 1955, 22 pp., 30.50 


Discusses the results of practice in 
California in the adaptation of fill above a 
culvert as an earth arch to relieve the culvert 
of part of the load. Reviews the perform- 
ance of culverts designed upon this basis and 
discusses construction and modifications re- 
loose fill 


above the culvert within a larger fill which 


quired to produce immediately 


is compacted. Curves show limitations on 
the height of fill for standard culvert con- 
struction and for “earth arch’’ fill methods of 


culvert construction. 


Frost action on small footings 


W. A. Trow, “Soil Freezing,” Bulletin No. 100 


Highway Research Board, 1955, pp. 22-35 (including 
discussion 


AUTHOR'S SUMMARY 


Summarizes results of laboratory and field 
investigations to determine ways of control- 
ling footing heave. 

Initial laboratory tests indicated that the 
grip between frozen soil and concrete was of 
the order of 400 psi at — 10 F. 
confirmed 


These results 


measurements made in Siberia 


approximately 18 years ago. During the last 


two winters various proposals for heave 
control were tried on an installation of small 
footings, placed in a frost susceptible soil 
Low temperature grease, polyethylene covers, 
backfill, 


waste product of the pulp and paper industry 
were among the measures used to reduce the 


gravel and soil treatment with a 


grip between the frozen soil and concrete 
Reaction to the heaving forces was also pro- 
vided by subjecting the footings to various 
loads or by equipping them with enlarged 
pads below the frost line 


815 
1951-52, untreated 
footings having a buoyed weight of approxi- 
mately 150 Ib 
greased footings moved about this amount 
The 


following winter was mild and the maximum 


During the winter of 


heaved as much as 4 in 


Frost penetration that year was 12 in. 


heave of untreated footings was less than 


2 in. Less movement was obtained under 


higher loads, however, and footings equipped 
The 


350 |b and 


with concrete pads did not move at all 
greased footings under loads of 
above did not move 
An analysis of the frost heave problem, 
based on these observations, resulted in the 
preparation of an approximate chart which 
indicates the bearing pressure required to 
overcome footing heave. It suggests that the 


cross section of footings within the zone of 
freezing should be made as small as possible 
consistent with the structural strength of the 
Below this depth the 
should be enlarged to transmit the footing 
load to the 


temperature 


concrete. footings 


soil safely The use of low 


grease was also recommended 


for special applications such as conduits 


where a reaction force is not obtainable 


The civil engineer and Britain's atomic 

factories 

Derek, R. R. Dick, Proceedings, institution of Civil 

Engineers (London), Part III, V. 4, No. 2, Aug. 1955 

pp. 514-548 (including discussion 
Reviewed by 


Anon L. Minsky 


The 
in the 


work of the civil (structural) engineer 


design and construction of England’s 


atom plants and their appurtenances is 


briefly but comprehensively described and 


Although 
primarily for its 


illustrated concrete is used 


shielding qualities, the 


structural forms it takes are many and varied 


Simplified masonry planning and 
building 
X, York 


DALZeELt Book Co 


McGraw-H 
$5 


1955, 360 pr 


Intended for use by young mechanics 
The subject matter is set forth in a simple 
manner. Explanations are easy to under- 
stand and a liberal use of illustrations makes 
the method of effective. In 
the book materials, 


water, and concrete in general, and appli- 


presentation 


scope covers cement 


cations of concrete and concrete masonry 


It is refreshing in that it is one of the few 
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books that differentiates between cement and 
with a clear definition of each. 
There is much good material on recent appli- 
cations of concrete, particularly in residential 
work, including slab-on-ground details, in- 
sulation techniques for concrete and masonry 
work, and reinforced masonry for earthquake 
and wind. 


concrete 


Unfortunately, many of the methods 
“tested in actual building practice’? which 
are shown are those responsible for many of 
the minor failures in practice. Some of the 
details shown are adequate only in warm 
climates such as the use of wood embedded 
in concrete for expansion joints. In spite of 
a half-page explanation on the use of control 
joints and a page illustration of a control 
joint, all recommended details for concrete 
masonry work fail to show control joints. 
Other technical errors throughout the text 
are likely to mislead the uninformed young 
mechanic. Typical of such errors are rein- 
forcement shown in the wrong face of foot- 
ings and retaining walls, the recommendation 
of “‘little or no surface troweling’’ for heavy- 
duty industrial floors, omission of construc- 
tion joints between floors and footings, 
omission of vapor barriers with the use of 
loose fill insulation in concrete masonry 
cores, the recommendation of expansion 
joints at 30-ft intervals in driveways using 
wood for the expansion joint material, and 
recommending too-shallow dummy joints in 
pavement to “relieve monotony.’’ The book 
is not recommended for anyone unable to 
distinguish between good and bad practice. 


Engineering drawing and geometry 
R. P. Hogevscuer and C. H. Springer, John Wiley & 
Sons, Inc., New York, 1956, 520 pp., $8 

The book is intended to provide in a single 
volume all the material needed for instruction 
in both engineering drawing and descriptive 
geometry. The material is arranged in three 
sections: (1) basic drawing courses; (2) 
fundamental descriptive geometry; and (3) 
advanced courses in the various fields. Of 
the latter, map drawing, architectural draw- 
ing, structural drawing, and mechanical 
engineering drawing are included. The 
section on structural drawing consists princi- 
pally of instruction and examples in structural 
steel and reinforced concrete, with no refer- 
ence to timber structures. The portion on 
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reinforced concrete is based upon materia! 
from the ACI Manual of Standard Practic: 


for Detailing Reinforced Concrete Structures 


The authors seem to have succeeded in their 
objective to include in one volume thy 
material usually found in several separat: 
books. It is an excellent textbook. 


Drillings and borings 
sondages) 


H. Camperort, Editions Eyrolles, Paris, 1955, 400 
pp., 3200 Fr. 


(Forages et 


Extensive description of drilling and boring 
equipment and their uses. Drilling mud 
characteristics, control, contamination and 
treatment comprise two chapters with similar 
attention to percussion, rotary, and diamond 
drilling. Various types of boring equipment 
and their uses are then discussed. The 
second and third parts of the book deal with 
test borings, employment of drilling in public 
works, and foundation consolidation. 


Electric power required for electrical 
curing of concrete in freezing weather 
(in Japanese) 


Y. Icnrk1 and T. Marsvui, Journal of Japan Society 
of Civil Engineers (Tokyo), V. 40, No. 6, June 1955 
pp. 15-20 

AutTHors’ SUMMARY 


Method of estimating electrical power 
requirements for winter curing of concrete 


and concrets 


experiment 


and relation 
thickness 


between power 
arrived at by 
Electrodes were arranged on surface, but 
method of estimating power requirements 
can be applied to any type of electrode 
arrangement. 


was 


On the shape-strength in bending and 
twisting of bars (Zur Gestaltfestigkeit 
bei Biegung und Verdrehung von 
Staeben) 
K. Scuapen, Der Bauingenieur (Berlin), V. 29, No. 12 
Dec. 1954, pp. 441-445 
Reviewed by Aron L. Mirsky 

Discusses evaluation of ultimate moment 
at rupture and at yield, of shapes, using 
material properties obtained from  simpl 
(prismatic bar) tests. Principal emphasis is 
on homogeneous materials such as steel, but 
application to compounded materials such as 
plain and reinforced concrete is noted. 
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YEAR IN REVIEW’ 
By CHARLES S. WHITNEY+¢ 


SYNOPSIS 


Retiring ACI President Whitney reviews the Institute’s 1955 activity. 
The year is recalled as one of exceptional progress in all phases of Institute 
work and progress in several long-awaited projects is reported. 


MEMBERSHIP 


During 1955 all phases of Institute activities moved to new high levels. 
At the end of the year, membership was 7387 as a result of adding a net 
of 688 new members. There were, of course, losses of members amounting 
to slightly under 8 percent although this rate was at a 5-year low. Of a 
total of 1269 applications (up 41 percent over 1954) the largest number 
(395) resulted from the individual efforts of Institute members. Member- 
ship prospects are closely followed up by the headquarters staff but it is well 
to keep in mind that the efforts of individual members in interesting others 
in the field to join remain the bulwark of Institute growth. Staff activities 
resulting in significant numbers of applications for membership were in 
answering requests for information, publications purchasers, JoURNAL appli- 
cations, and direct contacts by the Technical Director. 


PUBLICATIONS 


Publication sales accounted for 32 percent of Institute income and for the 
first time surpassed $78,000. Contributing importantly were the new editions 
of the ACI Manual of Concrete Inspection and the Reinforced Concrete Design 
Handbook which became available for distribution during 1955. Strong 
support was supplied by the continuing popularity and interest in the Manual 
of Standard Practice for Detailing Reinforced Concrete Structures, nonmember 
JOURNAL subscriptions, bound volumes, and separate prints of JouRNAL 
papers. 

JOURNAL advertising grossed over $26,000, about 10 percent above 1954. 
With increased circulation due to membership increases and the change to 
12 issues per year in 1956 the prospects are favorable for the coming year. 


*Presented at the ACI 52nd annual convention, Philadelphia, Pa., Feb. 22, 1956. Title No. 52-51 


ws Aa 
of copyrighted JouRNAL oF THE AMERICAN ConcreTE INsTITUTE, V. 27, No. 8, Apr. 1956, Proceedings V 
Separate prints are available at 35 cents each. 
tMember American Concrete Institute, Partner, Ammann & Whitney, Consulting Engineers, New York, N. Y 
and Milwaukee, Wis. 
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Recognizing that ACI’s most important service to members is in its pub- 
lications and also the desirability of getting papers into print as soon as 
possible after approval, the Board of Direction authorized a 20 percent 
increase in the JouRNAL publishing budget beginning in September, 1955. 
This not only resulted in more pages per issue late in the year but also per- 
mitted publication of an unusually large number of discussion pages in the 
Part 2, December, 1955, Journat. The Board also approved a recommen- 
dation that in 1956, for the first time, the JouRNAL be published 12 times 
per year, provided 22.5 percent more funds in the 1956 magazine budget, 
and authorized the addition of one member to the editorial staff. 


STANDARDS 


Two Institute standards were revised by the committees responsible, 
processed through the Standards Committee, and approved by convention 
action on February 21, 1956, and now go to letter ballot of members. Com- 
mittee 604 in a revision of “Recommended Practice for Winter Concreting’’ 
recommended changes to take into account air-entrained concrete and the 
use of insulation on forms resulting in a reductidn of protection periods 
required under favorable conditions. 

Almost 4 years of work by ACI Committee 318 culminated in the proposed 
revisions to the ACI Building Code published in the December, 1955, 
JouRNAL. The changes were assembled from the subcommittee reports at 
extra-session meetings at the ACI Milwaukee convention and a special meet- 
ing in Chicago in July. Final agreement on a few of the changes was reached 
at the Atlanta regional meeting. 

The most important change is the recognition of the ultimate strength 


method for design of sections. Elastic analysis of structures as opposed to 
“limit analysis” is, however, still required. The revised version of the chapter 
on flat slabs will have a greater practical value in that the provisions now 
include specifically those flat slab modifications of growing popularity, ‘“‘flat 
plate” and ‘“‘slab band” systems. The division in scope between shallow 


, 


beams with two-way slabs and flat slab “slab bands” is rigorously defined 
for the first time. Details for required extension of bars and openings per- 
missible under ‘coefficient design” are now specifically provided. 

The entire chapter on column design has been revised. Formulas for 
concrete filled pipe columns and columns with eccentric loads have been 
made similar to those employed in structural steel design. Elimination of 
complicated expressions for bending combined with axial stress will con- 
siderably simplify design work. 

The new provisions for shear provide against failure in diagonal tension 
near points of contraflexure where main reinforcement cutoffs and the lack 
of compression due to flexure would have allowed sudden failure from pro- 
gressive shear cracking. More reinforcement is required in the portions of 
beams which are lightly reinforced and in beams without an integrally cast 
slab. 
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Other important minor revisions concern proportioning, control, and testing 
for concrete quality; provision for radiant heat pipes in structural slabs; 
ind bending moment coefficients. The value of air entrainment for durability 
s recognized; statistical methods are considered in evaluation of cylinder 
tests; and a coherent, comprehensive procedure for load tests is outlined 
complete with criteria appropriate for the element tested. 


TECHNICAL COMMITTEES 


Several important new technical committees were formed in 1955. ACI 
Committee 622, Formwork for Concrete, Harry Ellsberg, chairman, has the 
mission of reporting a recommended practice for formwork in general terms 
based on considerations of safety and appearance. Consideration is being 
given to formulas for estimating maximum form pressures; construction 
practices; available materials and minimum standards for materials; and 
specific problems related to bridges, special structures, and architectural 
concrete. 

ACI Committee 216, Fire Protection or Fireproofing of Concrete Structures, 
E. H. Praeger, chairman, is to make recommendations for the revision of or 
establishment of fire ratings for concrete structures. ACI Committee 605, 
Hot Weather Concreting, Stanton Walker, chairman, will review information 
on the influence of high temperature of fresh concrete on the characteristics 
of fresh and hardened concrete and develop a recommended practice for 
handling the ingredients for concrete and the mixed concrete during hot 
weather. ACI Committee 621, Aggregates, W. R. Waugh, chairman, is to 
prepare a statement of information on aggregate that will evaluate properties 
of aggregate in terms of their influence on properties of concrete, discuss 
features of preparation and handling which have a bearing on concrete quality 
and uniformity, and in general, summarize what should concern the user 
about aggregate when he sets forth to do a first class job. 

Two committee reports reached the publication stage during the year. 
“Resistance to Erosion in Hydraulic Structures,” by ACI Committee 210,* 


devoted itself mainly to the physical erosion of concrete in hydraulic struc- 


tures resulting from particles carried by flowing water and from pitting 
resulting from cavities forming and collapsing in water flowing at high 
velocities. Disintegration of concrete by chemical attack as may occur in 
hydraulic structures was also discussed. 

“Evaluation of Compression Test Results of Field Concrete,’ reported by 
ACI Committee 214,¢ deals with statistical.methods as valuable tools for 
assessing results of strength tests and in refining design criteria and speci- 
fications. 


*ACI Journnat, Nov. 1955, Proc. V 
TACI Journat. Nov. 1955, Proc. V 
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HEADQUARTERS BUILDING 


As a first step in providing a permanent headquarters for the Institute, thy 
Board of Direction at its Oct. 30, 1955, meeting authorized the purchase of a 
site in northwest Detroit, approximately 3 miles from the present headquarters. 
This action grew out of a visit of the Executive Committee to ACI headquarters 
in August during which the group inspected the area in the vicinity of the 
present office and recommended to the Board of Direction that immediate 
purchase of a suitable site was necessary to insure future construction. 


Since Institute business is principally by mail, it was recommended that 
provided adequate facilities were available for conducting ACI business, 
the geographical location was relatively unimportant. On the other hand, 
the problems to be faced if the headquarters were moved elsewhere would 
be great. Obtaining and training staff replacements and movement of physica! 
property of the Institute was considered too expensive to justify selection of 
a site elsewhere. 


The site purchased faces a municipal golf course which provides an out- 
standing view and is in an area of newly-constructed homes and developing 
businesses. The site should have a long-time value likely to appreciate 
rather than depreciate, as might be the case in a site selected in an older 
neighborhood. 


Concurrently, a request was made of the Internal Revenue Service for a 


change in classification to that of an educational and scientific society. Among 
other advantages, such a classification permits donors of funds to deduct 
them for income tax purposes. This change in classification was successfully 


concluded on Feb. 3, 1956, retroactive to 1954. The new status of the Insti- 
tute is expected to be of important assistance to the building committee. 


The building committee, under the chairmanship of Henry L. Kennedy: 
past president and long-time proponent of an Institute-owned building, has 
recently completed its organization and is actively considering financing and 
other problems incidental to the project. 


The firm of Yamasaki, Leinweber, and Associates, Inc., Detroit, has been 
engaged by the Board to design the headquarters building. This group has 
been responsible for such outstanding structures as the St. Louis Airport 
Terminal; Armed Forces Personnel Records Center, Kansas City; U. 8. 
Consulate in Kobe, Japan; and McGregor Cultural Center, Wayne University, 
Detroit. 





Title No. 52-52 


Bonneville Dam Stilling Basin Repaired after 
17 Years’ Service® 


By ROY R. CLARKt 


SYNOPSIS 


Bonneville Dam has passed approximately 1,000,000 cu ft per sec, believed 
to be a record for any dam so far as volume of water is concerned. When the 
project was designed and constructed, 1934 to 1938, the board of consulting 
engineers in approving the design predicted that the baffles designed to absorb 
part of the energy of the large annual floods of the Columbia River would re- 
quire renewal at 15-year intervals. The condition of the concrete in the still- 
ing basin was observed throughout the 17-year period following completion, 
and in 1954 a cofferdam was constructed and one-half of the stilling basin 
was unwatered. When seen for the first time, the concrete was in better 
condition than expected, based on divers’ reports. Special tests and hydraulic 
model experiments were conducted to determine to what extent conditions 
could be improved. Repair work was completed and the cofferdam removed 
before the 1955 seasonal high water. 


Bonneville Dam, designed and constructed by the Corps of Engineers, 
U.S. Army, was completed and the reservoir filled in March, 1938. In the 
June 1950 ACI Journat the then known condition of the underwater concrete 
of the Bonneville spillway was described.{ Information regarding the -con- 
dition of the concrete at that time was derived largely from previous inspections 
by divers and inspection inside a small floating caisson. At low water flow 
all river discharge passes through the ten units of the powerhouse and quiet 
water exists in the stilling basin area, which makes examination by a diver 
(and repair) practicable. 

When the dam was designed, the board of consulting engineers stated that 
due to the large annual flood flow of the Columbia River, it would be necessary 
to replace the baffles in the stilling basin at about 15-year intervals. The 
board recommended construction of a floating caisson to permit such replace- 
ments progressively, where most needed. Such a caisson was built and 
utilized during two low water seasons. Due to the small size of this floating 
structure it was decided to cofferdam one-half of the stilling basin and make 
the necessary repairs in the dry. 


*Received by the Institute Aug. 29, 1955. Title No. 52-52 is a part of copyrighted JouRNAL or 
Concrete Institute, V. 27, No. 8, Apr. 1956, Proceedings V. 52. Separate prints are available at 50 cents eacl 
Discussion (copies in triplicate) should reach the Institute not later than Aug. 1, 1956. Address 18263 W. MeNichols 
Rd., Detroit 19, Mich. 

tMember American Concrete Institute, Special Assistant to the District Engineer, Portland District 
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The topics covered in this paper include: (a) a brief description of the dan 
and stilling basin and the hydraulics involved; (b) previous repairs; (c 
condition of the concrete when unwatered after 17 years in November, 1954; 
(d) repairs that were made in 1955 with emphasis on the concrete; and (e 
future repairs. 


DAM AND STILLING BASIN 


It is believed that the Bonneville spillway passes the greatest volume of 
water of any dam. The annual snow melt from 259,000 sq miles of water 
shed for 17 years ranged in flow from 272,000 to 999,000 cu ft per see with an 
average flood discharge in the river at Bonneville of 543,176 cu ft per sec. 
The spillway design flood is 1,600,000 cu ft per sec. 

Prior to construction of the dam, hydraulic model tests were conducted to 
determine the most favorable size, depth, and type of baffles, if any, that 
should be built to absorb as much energy as possible and thus reduce damage 
to the river channel below the dam. The original hydraulic model tests 
included 40 different types of baffles, three variants of crest elevation, 12 of 
deck, and 18 designs of the bucket—a total of 172 hydraulic experiments 
in connection with the stilling basin. Fig. 1 illustrates the design adopted. 

Since the main function of a stilling basin is to transform rapid flow to 
tranquil flow, it becomes a major problem of design to determine what ma- 
terials can best be utilized to accomplish this purpose. Concrete without 
special protection was selected since at that time, and to date, coatings and 
armorings of projecting bodies such as baffles do not have a successful record 
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of use. The sloping surfaces of the baffles were adopted to deflect the cur- 
rent toward the surface and thus reduce bottom scour. <A streamlined baffle 
would have withstood the forces of the river currents better, but absorbed 
less energy. This is why it was originally planned and eventually found 
necessary to renew or restore the stilling basin concrete after 17 years of service. 
Fig. 2 illustrates the general dimensions of the south half of the stilling basin 
in which the restoration work took place in the low water season in 1954 and 
1955. 

Bonneville Dam was one of the first major structures in which a pozzolanic 
replacement was used in the cement and at the time of construction it was 
criticized as being unsuited to this type of structure. However, an impartial 
viewing of the conditions when unwatered would seem to refute most of 
these former criticisms. The original concrete contained a special cement 
which included 25 percent of pozzolanic material. The following tabulation 
from original construction records is for concrete surfaces of dam, apron, 
and piers subjected to erosion. 

Maximum size of aggregate, in. 

Cement content, bbl per cu yd 

W/C ratio by weight 

Slump at plant, in ; 

Compressive strength, 3 days, psi 1460 

Compressive strength, 7 days, psi 2630 

Compressive strength, 28 days, psi 1600 


9 Boys at 60-0" = 540-0" 
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The pozzolanic material did not aid in developing added compressive strength 
until about 6 months of age, at which time some additional compressive 
strength was realized. Originally, consideration was given to the use of 
an alternate cement not containing pozzolanic material (for concrete exposed 
to high velocity water), but the disadvantage of requiring two cements 
throughout the construction period ruled out such a requirement. 


PREVIOUS REPAIRS 


During the original construction, the Columbia River was diverted through 
bays 11 to 17 inclusive, at which time the upper 32 ft of the concrete crest 
was not completed (see Fig. 1). The final operation was to cofferdam each 
bay and complete the concrete crest. Some damage to the stilling basin 
resulted from the diversion during construction. Parts of the damaged 
areas could not be repaired originally due to the methods of cofferdamming. 
The bucket slope within the cofferdam was repaired where needed. 
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Fig. 4—Condition of bay 16 stilling basin when unwatered in 1954. See Fig. 3 
for legend 


Soon after the dam was put in operation (March, 1938) underwater ex- 
amination disclosed some damage to the baffles and the deck. Repairs 
during the low water season of 1940 were carried out with the small floating 
caisson in bay 17 and the deck only in the south half of bay 16 (see Fig. 2, 
3, and 4). All work of this kind was discontinued during the war but soon 
after underwater surveys disclosed additional damage to the baffles and 
deck. These conditions were described in the June 1950 ACI Journa..* 
In general, the damage consisted of pitting on the vertical sides of the baffles, 
at first the upstream row of baffles only, and pitting in the deck at the down- 
stream corners of the upstream row of baffles. This pitting resulted from cavi- 
tational forcest known to exist due to observed negative pressures in hydraulic 
model experiments. This pitting first attacked the upstream row of baffles 

*Clark, op. cit 

tSee Clark. op. cit. for cavitation conditions such as exist in this spillway ACI Committee 210 (ACI Journat 
Nov. 1955, Proc. V. 52, p. 260) defines cavitation as follows 

Vapor bubbles will form in running water whenever the pressure at a point in the liquid is reduced to its vapor 
pressure. These vapor bubbles flow downstream with the water and upon entering a area of ‘haéghes pressure 
collapse with great impact. When water vapor is compressed, the pressur e of the vapor will increase until the 
vapor becomes saturated; then suddenly with very small increase in pressure the vapor will condense into a liquid 
state. The liquid occupies much less space than the vapor from which it. was condensed, thus leaving a cavity 
he collapse of these cavities has been termed “‘implosions,” the opposite of “explosions,” but similar in effect 
Repeated eollapse of such cavities on or near the surface of the concrete will cause pitting 

oundary irregularities and shape cause local reductions in pressure when water flows past them at high velocity 


W hen the size and nature of the irregularity and the flow velocity are such that reduced pressure is equal to the 
vapor pressure of water, cavitation will occur 
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and after a certain amount of attrition had reduced the efficiency of th 
upstream row, the downstream row was attacked, not only on the vertical 
faces parallel with the flow but pitting of the deck at the downstream corners 
of the baffles also began to be observed. 


In 1941 hydraulic model studies at Carnegie Institute of Technology were 
conducted in a vacuum tank to determine if pitting could be reduced by a 
better shaped baffle. The results published in 1943 state that during these 
model studies it was determined that sloping baffles similar to the origina! 
design were necessary to withstand the pounding absorbed by the upstream 
row of baffles located a short distance downstream from the bucket slope 
It also appeared that the addition of a 9-in. radius on each of the leading 
corners of the baffle and a 2.5-ft radius connecting the top and back slope 
of the baffles should generally produce less wear and pitting. It was recom- 
mended that the width of the baffles be increased from 6.0 to 6.5 ft to 
compensate for the reduction in efficiency caused by rounding the up- 
stream corners. 


During repairs to the stilling basin in 1947, using a small floating caisson, 
some baffles were renewed after the Carnegie type. These were in the north 
half of bay 16, the south half of bay 15, and the upstream row in the north 
half of bay 15 (see Fig. 4). 

Baffle repair consisted of removal of damaged concrete, placing and securing 
reinforcing steel by welding, and restoring former dimensions (except the 
Carnegie type baffles). The deck was restored in much the same way. In 
1940 one area of the deck about 6 x 9 ft was treated with a metallic admixture 
applied to the freshly placed concrete and troweled smooth. 


In the repairs of 1947 one baffle was restored to its original shape and 
armored with a %-in. thick steel plate welded at the joints and anchored at 
12-in. centers each way. 


On Nov. 23, 1954, the cofferdam was completed and bays 10 to 17 were 
unwatered. Bay 18, being separated by a training wall, was outside the 
cofferdam. The fishway entrance bay structure is located in bay 18 which 
made it undesirable to use this bay as a spillway to as great an extent and 
was, therefore, not included in this program of restoration. Repairs were 
completed and the cofferdam removed on Mar. 15, 1955. 


CONDITIONS OF CONCRETE WHEN UNWATERED IN 1954 
The 1950 report* regarding condition of the Bonneville underwater concrete 
states: ‘Records indicate that up to 1000 parts per million of sand and silt 
are carried in the Columbia River at Bonneville during annual flood conditions. 
Particle size of this material is 30 mesh and finer. The silt, so called, largely 
comprises mineral particles rather than soil or organic matter. There can 
be little doubt that this silt-laden water has a scouring effect on the concrete 


*Clark, op. cit. 
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surfaces. This condition has been noted on the ogee crest, roughened deck 


surfaces, rounded corners on the baffles, and roughness on the upstream 


sloped faces of the baffles. This type of wear has not been excessive, but it 
is, nevertheless, noticeable.”’ Since this statement was made five annual 
floods with an average discharge of 610,000 cu ft per see have passed. The 
condition of the same concrete surfaces when seen in 1954 is about the same, 
but with slightly more erosive effect. 

Reinforcing steel in the baffles, soon exposed on the sides by pitting, accele- 
rated the destructive action by intense dynamic forces set up in the steel 
which was transferred to the concrete causing greater destruction than if the 
steel was not present. It is possible that fatigue in the metal caused some of 
the steel to break. One study of the depth of pitting of six baffles as a result 
of divers’ surveys in succeeding years definitely indicated a marked increase 
(about three times) in the depth of pitting from 1948 to 1952 as compared to 
the 10 years of service before 1948. The depth of pitting in 1948 about equalled 
the depth of steel from the surface. 

Actually, all that is required are dowels in the center Of the baffles to hold 
them down since each baffle was constructed in a 2-ft deep recess. This is 
a controversial problem. It is understandable that the average structural 
engineer feels he must reinforce his concrete to give added strength, but in 
this case any steel placed near the surface can only increase the over-all rate 
of attrition on the sides of the baffles and in the deck. 

While the condition of the concrete was better than expected, pitting on 
the vertical faces of baffles and the deck at the downstream corners of baffles 
had reached a point beyond which further attrition would have endangered 
the baffles and when their efficiency had been sufficiently reduced, would 
have changed hydraulic conditions in the stilling. basin and in the channel 
downstream. If this condition had been allowed to develop, the apron placed 
on natural rock downstream to protect the dam would possibly have been 
undermined. Repairs were, therefore, well-timed to accomplish the desired 
result without excessive changes or costly alterations. The largest part of 
the repair cost was that of the cofferdam. 

Fig. 3-12 illustrate representative conditions in the stilling basin concrete 
when unwatered. The method of final closure and placing concrete spillway 


Fig. 5—Condition of bay 14 after 17 
years shows rough surface not re- 
stored during original construction 
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Fig. 6—Upstream baffle in bay 11. Fig. 7—Upstream baffle in bay 14 
Note excessive erosion at the cold shows pitting and absence of rein- 
(construction) joint forcing steel 


crests during the original construction is indicated in Fig. 1. Fig. 5 illustrates 
the roughness of the dam downstream of the cofferdam castings left in place, 
where it could not be repaired during the final step of the original construe- 
tion. The sloping crest upstream of castings was repaired by the use of 
pneumatically applied cement-sand mortar or other methods and remained 
relatively smooth. Some bays were rougher than shown in Fig. 5, with 
about 25 percent of the total area damaged and eroded several inches in 
depth. Bay 10 was not used for diversion originally, and less surface damage 
was evident in this bay than in others. 

Pier noses, especially near the center and south side of the spillway were 
eroded considerably. At the time of the third step (original construction), 
masses of debris were found deposited in the stilling basin area. Some of 
this material undoubtedly came from the maintenance of a rock cofferdam 
at the south side from which large pieces of rock were carried into the stilling 
basin and agitated there during two seasonal floods. This could account for 
much of the pier and deck erosion. The third step cofferdam was supported 
on pier noses which precluded pier repair except on their sides. There was 
some erosion immediately downstream of bearing plates and shoe castings 
(from third step construction), but only in a few places. There was some 
pitting of castings due to cavitation around pin holes. 

Photographs have been selected to represent the condition of the upstream 


Fig. 8—Deck at upstream baffle in 
bay 11 showing pitting 
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Fig. 9—Carnegie baffle in upstream Fig. 10—Pitting in deck at downstream 
row in bay 16, restored in 1947. Cor- corners of Carnegie baffle in upstream 
ners had a 9-in. radius row, repaired in 1947 


row of baffles (Fig. 6, 7, and 9), the deck adjacent to downstream corners of 
upstream baffles (Fig. 8 and 10), the downstream row of baffles (Fig. 11 

and the deck at their downstream corners (Fig. 12). In general it can be 
stated that pitting began on the vertical sides of the upstream row of baffles and 
on the deck at the downstream corners during the first few years of use. The 
pitting on the sides of baffles was the result of “separation” of high velocity 
water passing around the baffle corners creating areas of low pressure. The 
pitting of the deck at the downstream corners is not so readily explained. 
The same condition developed at the downstream row of baffles and deck, 
but much more slowly. When seen at the time of unwatering some of the 
downstream baffles appeared practically unchanged from the original condition. 


Fig. 3 and 4 indicate the extent of these conditions in areas where previous 


repairs had been made and also where repairs had not been made. 

In bay 10 one baffle was missing. This undoubtedly resulted from blasting 
the rock-filled wood crib built on the finished deck as part of the second step 
(original construction) cofferdam. Blasting pipes were placed in the crib, 
inadvertently close to the baffle, and the explosion destroyed the baffle. 
The effect of a cold joint can be seen in Fig. 6. The same conditions could be 
seen on a number of other baffles, some more pronounced than that shown 


Fig. 11—Downstream baffle—pitting Fig. 12—Deck at downstream baffles 
developed later than in upstream rows shows less pitting than upstream 
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Fig. 6—Upstream baffle in bay 11. Fig. 7—Upstream baffle in bay 14 
Note excessive erosion at the cold shows pitting and absence of rein- 
(construction) joint forcing steel 


crests during the original construction is indicated in Fig. 1. Fig. 5 illustrates 
the roughness of the dam downstream of the cofferdam castings left in place, 


where it could not be repaired during the final step of the original construc- 
tion. The sloping crest upstream of castings was repaired by the use of 
pneumatically applied cement-sand mortar or other methods and remained 
relatively smooth. Some bays were rougher than shown in Fig. 5, with 
about 25 percent of the total area damaged and eroded several inches in 
depth. Bay 10 was not used for diversion originally, and less surface damage 
was evident in this bay than in others. 

Pier noses, especially near the center and south side of the spillway were 
eroded considerably. At the time of the third step (original construction), 
masses of debris were found deposited in the stilling basin area. Some of 
this material undoubtedly came from the maintenance of a rock cofferdam 
at the south side from which large pieces of rock were carried into the stilling 
basin and agitated there during two seasonal floods. This could account for 
much of the pier and deck erosion. The third step cofferdam was supported 
on pier noses which precluded pier repair except on their sides. There was 
some erosion immediately downstream of bearing plates and shoe castings 
(from third step construction), but only in a few places. There was some 
pitting of castings due to cavitation around pin holes. 

Photographs have been selected to represent the condition of the upstream 


8—Deck at upstream baffle in 
bay 11 showing pitting 
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Fig. 9—Carnegie baffle in upstream Fig. 10—Pitting in deck at downstream 
row in bay 16, restored in 1947. Cor- corners of Carnegie baffle in upstream 
ners had a 9-in. radius row, repaired in 1947 


row of baffles (Fig. 6, 7, and 9), the deck adjacent to downstream corners of 
upstream baffles (Fig. 8 and 10), the downstream row of baffles (Fig. 11) 
and the deck at their downstream corners (Fig. 12). In general it can be 
stated that pitting began on the vertical sides of the upstream row of baffles and 
on the deck at the downstream corners during the first few years of use. The 
pitting on the sides of baffles was the result of “‘separation’’ of high velocity 
water passing around the baffle corners creating areas of low pressure. The 
pitting of the deck at the downstream corners is not so readily explained. 
The same condition developed at the downstream row of baffles and deck, 
but much more slowly. When seen at the time of unwatering some of the 
downstream baffles appeared practically unchanged from the original condition. 
Fig. 3 and 4 indicate the extent of these conditions in areas where previous 
repairs had been made and also where repairs had not been made. 

In bay 10 one baffle was missing. This undoubtedly resulted from blasting 
the rock-filled wood crib built on the finished deck as part of the second step 
(original construction) cofferdam. Blasting pipes were placed in the crib, 
inadvertently close to the baffle, and the explosion destroyed the baffle. 
The effect of a cold joint can be seen in Fig. 6. The same conditions could be 
seen on a number of other baffles, some more pronounced than that shown 


Fig. 11—Downstream baffle—pitting Fig. 12—Deck at downstream baffles 
developed later than in upstream rows shows less pitting than upstream 
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and all of which indicated excessive erosion at the cold (construction) joints 
These conditions are not unlike atmospheric weathering but more severe. 

In the repair work of 1947 some of the damaged baffles were restored to 
the previously mentioned Carnegie shape (Fig. 9 and 10). All the Carnegie- 
type baffles show less damage than the original ones but have resisted onl) 
eight annual floods, whereas the original type have resisted 17 annual floods 
and most of them two additional years of diversion, perhaps more severe 
than an equal number of floods under operating conditions. The leading 
corners of the Carnegie baffles were constructed to a 9-in. radius. These 
corners were all rough and worn with less than average pitting on the vertical 
faces and generally less pitting of the deck at the downstream corners of the 
baffles, possibly due to the fact that this concrete was restored in 1947. 

As a part of the repairs of 1940, a section of the deck in bay 16 was finished 
by spreading a metallic admixture on the surface and troweling into the 
concrete. When inspected in 1954, the area appeared to be in better condition 
than the surrounding surfaces not so treated, with but few small pits. 

As mentioned previously, one baffle was armored with steel plate in 1947. 
It is not known how long the steel armoring remained in place but the known 
tendency of cavitational forces to penetrate steel of nominal thickness probably 
attacked the plate in the area of pitting, shown on other baffles, and after 
penetrating the plate set up intense dynamic forces causing fatigue and 
final destruction of the armoring and leaving only a fragment at the base. 
The plate was torn off and the pitting shown all took place in 7 years elapsed 
time (Fig. 13). 

In another part of this stilling basin, namely the bottom of crest gates 
when submerged by tailwater, pressure gages were installed and the intensity 
and frequency of changing pressures were recorded by an oscillograph. As 
much as a full atmosphere of negative pressure was recorded with a frequency 
of about 20 per sec. While this subject deserves a much more complete 
statement, it was estimated that as many as 10 million reversals per norma! 
annual flood took place. This would indicate that the phenomenon of fatigue 
should be considered in utilizing metal in such an application. 

Possibly the condition least easily 
understood, so far as damage to 
the concrete is concerned, is_ the 
differential erosion of adjoining 
baffles apparently subjected to the 
same hydraulic conditions. This is 
evidenced by the survey notes 1! 
Fig. 3 and 4. Nonuniform § gat 
operation may partially account fo! 


this, but a variable quality of th: 


Fig. 13—Baffle which was armored 
with steel plate in 1947; only a oncrete was more likely a contrib 
remnant remains uting factor. 
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Variable erosion and pitting of concrete baffles and deck were also ob- 
erved on unwatering. A number of hydraulic conditions could account for 
this, among which was the excessive release of water from the spillway gates 


is a result of not opening a sufficient number of gates. Another reason is 
the nonuniform pressures on baffle sides due to the fact that the depth of 
water varies over the apron (not baffle deck) from north to south. Model 
tests indicated that negative pressures on baffles (tending to produce cavi- 
tation) were more severe in the center of the spillway and at the right side 
(the latter not included in this restoration work) where the apron is higher, 
thus resulting in shallower depths of water. (The apron was constructed 
on the surface of bedrock at the natural rock level.) A study was made of 
past gate operation procedures, which at times was unfavorable, but to attempt 
definite conclusions regarding attrition of the concrete based on all the vari- 
ables present would be tedious and not appropriate here. The data obtained 
will be utilized, however, in future gate operation practices, which should 
reduce damage to the concrete. 

One additional condition deserves mention, although it is not related to 
the concrete surfaces. From Fig. 1 it is noted that an apron with a cutoff 
wall exists downstream of the stilling basin. It was found that there was 
some channel erosion near the north side of the stilling basin area. This 
condition was recorded by divers working downstream of the apron. In one 
place the scour had reached the bottom of the cutoff wall, an erosion of about 
10 ft, and in another place, a short distance downstream, to a depth of ap- 
proximately 15 ft. This action was limited in extent and occurred in a place 
where the foundation rock was faulted and known to be of a quality inferior 
to all other foundation rock at or adjacent to the dam. 


REPAIRS MADE IN 1955 


As a basis of plans for the repair of the stilling basin concrete, hydraulic 
model studies were conducted at the Bonneville Hydraulic Laboratory to 
determine whether or not improvements could be made in the baffle design 
or in other stilling basin features which, without producing adverse hydraulic 
conditions, would reduce future attrition of the concrete. It was found that 
two improvements could be made. First, by adopting a modification of the 
Carnegie baffle for the upstream row, pressures were improved and tended 
to move the impinging jet farther downstream. In passing the large volume 
of water, part of the energy of the jet would be dissipated before striking 
the sloping face of the downstream row of baffles, hence less resulting damage 
to the concrete. Secondly, the scour conditions downstream could be im- 
proved by using a solid end wall in line with and having about the same 
cross section as existing baffles in the downstream row. This changed the 
flow on the river bed downstream of the apron from a downstream direction 
to an upstream direction. 





832 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE April 195 


Streamlining or changing the upstream baffles to the Carnegie type should 
reduce cavitation on those baffles. Another change in the interest of economy 
was to raise the baffle deck 12 in. This had little effect on the hydraulic 
jump or scour conditions and permitted a much thicker covering of new 
concrete on the deck without removing old concrete to any great extent. 


Consideration was given to the use of rubber coatings for baffles. The great 
size of the baffles, the total lack of experience in anchoring rubber to concrete 
and the excessive cost and delay in construction of any plan to use rubber 
armoring ruled it out. 


In the original design, velocities on the floor or bottom of the channel were 
low up to a river discharge of 800,000 cu ft per sec. Model studies indicated 
higher velocities in this location at a river discharge of 1,200,000 cu ft per sec, 
the approximate flood of record. At the 1948 high water a discharge of ap- 
proximately 1,000,000 cu ft per sec passed the dam. Divers’ surveys of the 
scour conditions after this high water disclosed little rate of change compared 
to previous years. At some stage considerable deposits were observed on the 
apron and downstream of the apron. The 1955 repair work therefore included 
restoration of the local scoured conditions downstream of the apron by use 
of a small amount of tremie concrete and revetment rock placed thereon. 
Due to the improved conditions and the presence of harder rock in other 
channel areas, limited scour is expected in the future. 


Reinforcing steel in the baffles would have been eliminated in the resto- 
ration if the baffles had been entirely removed. However, the removal of 
heavy mats of steel in the baffles would have been costly, including the re- 
moval of the bases as originally built in 2 ft deep recesses... The baffles were 
cleaned of shattered concrete and loose steel in preparation for adding the 
12 in. thick shells to the upstream baffles, creating the shape and size desired. 
To anchor this concrete shell in place, steel dowels were set in the baffles to 
which was secured reinforcing steel (Fig. 14). This steel was placed no 
closer than 6 in. from the concrete surface. This will be an improvement in- 

sofar as the tendency to 
induce dynamic forces in 
the steel is concerned, 
which would tend to frac- 
ture and destroy the sur 
rounding concrete. The 
deck was not chipped to 
any great extent, but was 
sand blasted and cleaned 
up and dowels set in as 
indicated in Fig. 14 and 


fae ee See. (15. Reinforcing steel was 


Fig. 14—Baffles with hooked dowels to anchor eld to a minimum in the 
new concrete deck. 
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The downstream baffles were enclosed in a solid sill or end wall equal to 
he cross section of the original baffles when raised 12 in. to conform to the 
new deck elevation. Dowels were set in the deck and baffles and steel placed 
to reinforce the shell area of the existing baffles. Dowels were also set in the 
deck to anchor the massive sections between the baffles. All steel was placed 
a minimum of 6 in. from the concrete surfaces; a greater distance would have 
been desirable. 

Eroded surfaces upstream of the stilling basin on the spillway crest and 
piers were restored by applying cement-sand mortar by pneumatic pressure 
and after termination of the curing period the surface was ground smooth. 
Similar areas upstream of shoe castings repaired 17 years before, during 
original construction, had remained in fair to good condition (Fig. 5). This 
mortar was composed of one part of cement to three parts of sand, but when 
the rebound is considered the mortar is more nearly a one to two mixture. 
Pier nose repair was required as a result of damage by rock and other debris 
during the original river diversion. It was considered unnecessary to restore 
the curved piers to the exact mathematical shape of the original pier, there- 
fore cement mortar was applied pneumatically and later ground smooth 
with portable grinders. 

Concrete investigation 

Concrete to replace baffles and deck was considered with great care. It 
is known that concrete having the lowest water-cement ratio, and greatest 
compressive strength, resists all kinds of erosion best. The selection of con- 
crete aggregate was undertaken the year before this work was performed. 

Petrographic tests are of great value in eliminating one or more sources of 
aggregate when a number are available. In this case petrographic tests 
resulted in a comparison on the basis of such factors as weathering, soft 


particles, absorption, and others. Three of the aggregates considered for the 


Bonneville repair work are compared on the basis of petrographic analysis 


in Table 1. The Willamette River material proved inferior to the Columbia 
tiver and to the Steilacoom material. When alkali expansion is one of the 
major considerations this test is also especially valuable in preliminary 
aggregate investigations. 

wEROSION REPAIRED WITH 


PNEUMATICALLY APPLIED 
MORTAR AND GROUND SMOOTH 


EL.-9.0 
es y : “ORIGINAL BAFFLES— . 
; ¢ © 
« ——_— 
“EL. -15.0 SX af Sug 
y hon —— 5 ‘a € 
MAKE SQUARE CUT : . : 4—¥ . 


WITH SAW, MIN, 3° 





-ORIGINAL DECK EL. -16.0 —SOLID END WALL 
“e ANCHORS © 30" 0.c. EACH waY— ENCASING ORIGINAL 
NEW CONCRETE — BAFFLES 


63-0" 


Fig. 15—Cross section of section 2 of stilling basin 
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TABLE 1—ANALYSIS OF THREE AGGREGATES CONSIDERED 


Aggregate source 


Moderately 
weathered 


Fraction 
Mortar strength 


weathered 
Soft or 
crumbly 
Alkali _ 
reactivity 
Absorption 
percent of 
standard sand 
Particle 
shape 


Percentages 
North Dalles Terrace 
(Processed) %-1% 7 ‘ ‘ Subrounded 
(Sand part crushed 
and run of mine) No. 4-% 2! 2 . Subrounded 
Sand 5 4 p { Angular 
Subrounded 


Willamette River 
at Portland %-1% 7: i f Subrounded 
No. 4-% { 2 to angular 

Sand 2 : f : : Angular 

Steilacoom, Wash. 
Processed) ni | é car we 
No. 4 9: : - Subroundec 
Sand ( ; f 2 ; 3 Subrounded 
to angular 


Trial mixes and compression tests were made to determine the lowest 
water-cement ratio for the job concrete. (See Table 1 for mortar test results. 
Table 2 indicates the compressive strength of the three aggregates selected. 
From these results the Steilacoom material was adopted as being the most 
desirable. 


The low water-cement ratio of this concrete is of interest. It was fully 
workable due to the high cement content. Curing temperatures were favor- 
able due to the mild winter weather during the time of placing and curing. 
The strength of the new concrete is considered satisfactory. 


Cavitation investigation 

The U. 8S. Bureau of Reclamation has developed a Venturi type cavitation 
machine and conducted tests to determine the concrete mixes to give the 
greatest resistance to the forces of cavitation. These tests also included 
surface coatings to increase the resistance.* 


It was decided in this case to employ the Bureau of Reclamation facilities 
to conduct additional tests to determine more specific data as to surface 
treatment of the concrete. As mentioned, the metallic admixture used in 
some repairs to the stilling basin had remained smooth much longer than 
adjacent concrete. Test specimens were, therefore, included with this treat- 
ment on the surface. Absorbent form lining was also included in the tests 
since the previous use of a local material, “‘firtex,” had been satisfactory 
Steel forms and plywood forms were also used in the tests. The surface ol 
one plywood form specimen was subjected to a vacuum to simulate vacuum- 
treated concrete surfaces whereby surface moisture is withdrawn before 


*Price, W. H., and Wallace, G. B., ‘Resistance of Concrete and Protective Coatings to Forces of Cavitation 
ACI Journau, Oct. 1949, Proc. V. 46, pp. 109-120. 
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TABLE 2—COMPRESSIVE STRENGTH OF CONCRETE MADE FROM 
AGGREGATES CONSIDERED FOR BONNEVILLE DAM STILLING BASIN 
REPAIRS * 


Aggregate Compressive strength, psi 
Ww/C 
Fine Coarse by weight 7 days 28 days 60 days 


Columbia River, Columbia River 
Dalles Dam Dalles Dam 30 5570 (14 days 6610 7690 


Steilacoom, Steilacoom, 32 5140t 67204 7740 
‘ash. Wash. 31 4260 6010 


Willamette Willamette 31 4460 5640 6620 (90 davs 
River sand River gravel 


*Laboratory-made test cylinders unless otherwise indicated. Cement rype Il, 9 sacks per eu yd 
tJob cylinders. 


initial set takes place, thereby increasing the surface strength. Results of 
these tests provided the information for form and surface details for the 
repair work. 

To evaluate the results of these tests, the volumes of eroded area of the 
specimens were measured at the end of the test run. This result was ex- 
pressed as the number of hours of exposure necessary to erode | cu in. per sq 
in. of surface exposed. The value is termed HCISI. Table 3 gives comparative 
values. As stated in the test report: “Since these values are obtained ex- 
perimentally with specialized equipment, they can be used only to deter- 
mine the comparative life expectance of structures subject to cavitational 
forces.” 

The comparative values indicate a great resistance to cavitation for the 
surface concrete with the metallic admixture treatment and the firtex ab- 
sorbent form lining, the HCISI value being 1600 for the former and 1360 for 
the latter. These values are about four times as great as for concrete cast 
against plywood and about eight times as resistant as for concrete cast against 
steel forms. Specimens are shown in Fig. l6a-e. 

While these values refer to actual cavitational forces produced in the 
Venturi type machine, it is assumed that they also apply generally where 
erosion by abrasion exists. In a report published by ACI Committee 210* 
this significant statement occcurs: ‘‘Damage has occurred in some cases as 
a result of water impact, and it is indicated that such failures may be due to 
the pressures built up in the pores of the concrete which are sufficient to cause 
failure in the concrete in tension at points of reduced pressure. For this reason 


it is desirable to use dense concrete having an impermeable surface when it 


will be expected to withstand the impact of water flowing at high velocities.” 
Due to the great energy absorbed by the concrete the destructive forces of 
water impact seem to be related to all forms of water erosion. 

As a practical consideration the firtex form lining was specified and used 
wherever forms were required. It is estimated that the firtex form lining 


*ACI Committee 210, ‘Erosion Resistance of Concrete in Hydraulic Structures,” ACI Journau, Nov. 1986, 
Proc. V. 52, pp. 259-271. 
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De fn Ff ee eee ee a. Surface cast against absorptive 
th ” form lining. Exposed 16 hr. 
Resistance value, HCISI—1360. 

Age at test—74 days 


. Plywood forms, vacuum mat, 
smoothed by steel trowel. 
Exposed 16 hr. Resistance 
value, HCISI—607. Age at 
test——73 days 


Steel forms, no surface treat- 
ment. Exposed 16 hr. Re- 
sistance value, HCISI—184. 
Age at test—68 days 


« Plywood forms, no surface 
treatment. Exposed 16 hr. 
Resistance value, HCISiI—379. 
Age at test——69 days 


. Plywood forms, metallic ad- 
mixture surface applied after 
form removal. Exposed 56 
hr. Resistance value, HCISiI— 
1600. Age at test-——-92 days 





Fig. 16—Cavitation resistance test specimens 


reduced the water-cement ratio by about 0.05 and also eliminated surface voids 
On the deck the region of known pitting was at the downstream corners 
of the baffles. An area 6 ft wide and extending throughout the length of the 


stilling basin was treated with a metallic admixture by spreading and working 
about 1! lb of metallic material per sq ft into the concrete surface and ste 
troweling it. Other areas of the deck did not contain this material and were 
steel troweled and later ground to a smooth surface. Tests proved that 
grinding a surface reduced the tendency to erode or pit the concrete. It was 
found to be impracticable to grind areas treated with the metallic admixtur: 
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TABLE 3—CAVITATION TEST RESULTS* 


Age at Cu in. eroded 
time of test Form type Surface treatment from one surface HCISI,t 


iverage of average of average ot 
2 specimens 2 specimens 2 specimens 


6s Steel None 2.9 

Ply wood None 
Ply wood Sandblasted and stoned with 1:2 

mortar at 7 days—stoned to smoot! 

surface at 28 days 
Plywood Sandblasted at 7 days and *¢-in 

metallic admixture surface applied 

stoned to smooth surface at 28 days 

Firtex-Plywood Absorptive form lining 


Plywood Steel trowel finish 


Plywood Wood float finish—stoned to smooth 
surface at 28 days 


Plywood Vacuum mat—smoothed off by steel 
trowe 


*General concrete mix data Type II, low-alkali cement; processed Willamette River sand 
No air-entraining agent; 0.31 water-cement ratio, average 1.8 percent air, l-in. slump, average 7-day 
strength 4460 psi. 

tHours to erode 1 cu in. per sq in. of surface exposed. 

tSpecimens with metallic admixture exposed to cavitation for 56 hr. All other specimens were ex 


FUTURE REPAIRS 


The 1954-55 restoration included the south half of the stilling basin only. 
A complete divers’ survey was conducted in all bays of the north half for the 
first time. Previously limited surveys included only the parts of the areas 
thought to be typical. 

The record now discloses conditions in the north half similar to that found 
in the south half but with somewhat less attrition in the concrete, more 
nearly like that of bay 10 where original diversion did not take place. In 
general, pitting on the sides of upstream baffles was severe in three to four 
baffles at the center of each bay. The sides of baffles in the downstream row 
were rough with but slight pitting. One baffle in each of two bays and three 
in another bay are heavily pitted in the downstream row. The deck at the 
downstream corner of the upstream baffles is generally pitted much like that 
shown in the south half where repairs were made. Decision to restore the 
north half has been deferred at present. Annual divers’ surveys will make it 
possible to observe conditions as they develop. 


If the destructive action appears to be accelerated in any part of the still- 


ing basin, it will be considered as it develops and either be repaired locally 


with the floating caisson or by use of a general cofferdam similar to that used 
for the repair work herein described. 


For such discussion of this paper as may develop please see Part 2, 
December 1956 Journal. In Proceedings V. 52 discussion immediately 
follews the June 1956 JourNAL pages. 
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Design Constants for Beams of Variable Section’ 


a 


By MAX W. STRAUSS+ 


SYNOPSIS 


An approximate method is developed for computing the fixed-end moments, 
carry-over factors, stiffness, and rigidity of members of variable sections. The 
method differs from the usual approach only in that it uses a tabular form for 
adding increments of the various functions instead of integrating the functions 
directly. Values of S,; and Sp for various loadings are tabulated 


INTRODUCTION 


A problem frequently encountered in the design and analysis of continuous 
structures is that of members of nonuniform section. To integrate such mem- 
bers into an analysis utilizing the principles of slope deflection or successive 
approximations (moment distribution) it is necessary to first determine the 
design constants for these members, namely carry-over factors, fixed-end mo- 
ments, and relative stiffnesses. The precise methods for determining these 
design constants are time consuming, laborious, and subject to considerable 
arithmetical errors. There are many tables available for determining these 
design constants, but these tables are applicable only to beams with specific 
haunches. 


This paper develops a general method for determining the design constants 
of any straight member of a continuous structure regardless of conditions 
of cross section or applied load. 


Nomenclature and sign convention 

The letter symbols and terms used are defined where they first appear, in 
the text or by diagrams. 

tesisting moments and fixed-end moments are positive when they act in a 
clockwise direction and negative when they act in a counter-clockwise direc- 
tion. 


DEVELOPMENT OF THEORY 


The theory will be developed using spans of unit length loaded, as the case 
may be, with unit end restraint moments, unit externally applied moments, 
and unit transverse loads, either concentrated or distributed. Design con- 


*Received by the Institute Apr. 11, 1955. Title No. 52-53 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 27, No. 8, Apr. 1956, Proceedings V. 52. Separate prints are available at 50 cents each 
Discussion (copies in triplicate) should reach the Institute not later than Aug. 1, 1956. Address 18263 W. MeNichols 
Road, Detroit 19, Mich. 


TAssociate Structural Engineer, Los Angeles Department of Water and Power, Los Angeles, Calif 
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stants thus derived will be made applicable to any span of length L, subjected 
to any loading, by a dimensional analysis based upon the unit span and unit 
load. 

The method to be employed will be the area-moment method, which consists 
of two propositions as follows (see Fig. 1): 

1. The angle between the tangents at two points A and B of the deflection curve 
equals the area of the bending moment diagram between the corresponding verticals 
divided by the flexural rigidity, E/7, of the beam. 

2. If A and B are points on a deflection curve, the distance of B from the tangent 

drawn to the curve at A is equal to the moment with respect to the vertical through B 
of the area of the bending moment diagram between A and B, divided by the flexural 
rigidity, EJ. 


Moment areas of unit span loaded at support with a unit moment 


A simply supported span of unit length with a unit moment applied to one 
end is shown in Fig. 2, together with the moment diagram and the M// 
diagram. 

a, = moment of the M/J diagram about the left support for a unit moment applied at 

the right support 
= moment of the M/J diagram about the right support for a unit moment applied 
at the left support 

br moment of the M// diagram about the left support for a unit moment applied at 

the left support 

be = moment of the M/J diagram about the right support for a unit moment applied 

at the right support 

If the unit span in Fig. 2 were also of unit moment of inertia, the M// 
diagram would be triangular and the ordinate at any distance x from the left 
end would be equal to xz. Assuming a least moment of iffertia of unity, then 
for an actual span L which is symmetrical with this unit span, and having a 
least moment of inertia 7, and a moment of inertia J, at any point xL, the 
ordinate at any point x of the M// diagram of the unit span becomes /,//, (2). 

Then by previous definitions: 


f fo (xt) (a 
a= - -)(dar 
— 


y 











4) 

















t Fig. 1—Area-moment diagram 
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Fig. 2—Moment diagram and M/I dia- a —— 
gram for simply supported span of Oe Moment 
unit length 








bl 
, Biagram 





I, 
h f ] (xr) (1 x) (dx 


For certain beams, where Jx varies mathematically, it may be possible to 
evaluate the integrals in Eq. (1) and (2). However, in general, these integrals 
do not lend themselves to simple mathematical solution and a mechanical 
solution is resorted to. 


Consider, as shown in Fig. 3, a triangle of unit width and height divided 
into ten equal widths. This triangle represents the bending moment diagram 
of a unit span loaded with a unit end moment at the left support. Taking 
moments of each area-of Fig. 3, as numbered, about the right and left ends, 
one gets the values shown in Table 1. Moments about the right represent 
coefficients of ag for a unit moment applied at the left support and moments 
about the left represent coefficients 





for b,; for a unit moment applied at 
the left support. 

In a similar manner, the bending 
moment for a unit span loaded with 
a unit end moment at the right sup- 





port could be drawn. Taking area- 
moments as before would yield coeffi- Fig. 3—Bending moment diagram for 
cients of a, and bp. unit span loaded with unit end 


an oe moment at left support 
hus for any actual beam, it is 


merely necessary to divide the span TABLE 1—MOMENT VALUES FOR 
into ten equal parts, determine the FIG. 3 


ratio of J./J, for each part, and 
multiply these by the coefficients of Moment abou Moment about 


right end left end 

e and b. 0.090383 0.00467 
. ; i ) 0.07233 0.01267 

It can be seen by inspection of Eq. 3 0.05633 0.01867 

. ‘ . 0.04233 0.02267 
(2) that (x) and (1 — 2) are inter- 5 0.03033 0.02467 
e 0.02033 0.02467 

changeable; thus b, = br and will 0.01233 0 02267 
0.00633 0.01867 

hereafter be referred to as b. 0.00233 0.01267 
1 : es 0.00033 0.00467 
lable 3 summarizes the coefficients - 


. uf 0.3333 0.1666 
of area-moments for a unit span 
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Fig. 4—Unit simple span subjected to 
transverse concentrated load 





s 


tT T--~ | - kK 
‘ 
i 


Moment Diagram 








loaded with unit end moments. The table will be found useful in tabulating 
and calculating area-moments for an actual span as shown by an illustrative 
example later in the paper. 


Moment areas of unit span subjected to a unit transverse load 
Fig. 4 shows a unit simple span subjected to a unit transverse concentrated 
load a distance x from the left support. Obviously then, the left reaction is 
equal to 1 — z and the right reaction is equal to x. The bending moment at 
the load is (x) (1 — 2). 
S; = moment of the //J diagram about the left support of a unit span subjected to a 
unit transverse load 
Sr = moment of the M// diagram about the right support of unit span subjected to a 
unit transverse load 


By projecting the bending moment diagram to the left and right of the 
load as shown, it becomes evident that the part of the bending moment dia- 


gram to the left of the load is also part of a triangle of unit length and 1 — x 
ordinate. Furthermore, the part of the bending moment diagram to the 
right of the load is also part of a triangle of unit length and 2x ordinate. 

Referring to the definitions of a and b as given previously, it is seen that the 
coefficients of S; are equal to the coefficients of a, from 0 to x multiplied by 
| — x and to the coefficients of b from x to 1 multiplied by x. In like manner 
the coefficients of Sp are equal to the coefficients of b from 0 to x multiplied 
by 1 — 2 and to the coefficients of ag from zx to 1 multiplied by z. 

For example, the coefficients of S; for a unit load at x = 0.3 are listed in 
Table 2. 

In like manner the coefficients of S; and Sp have been calculated for a 
unit load located anywhere on a unit simple span and are tabulated in Tables 


TABLE 2—COEFFICIENTS OF S FOR 87d 


UNIT LOAD AT x = 0.3 Design constants 


Part Coefficient Carry-over factor—By definition, t! 
00033 X 0.70 = 0.00023 carry-over factor is the ratio of th 
00233 x 0.70 00163 R 5 . 
90633 X 0.70 00443 moment induced at the fixed end of 
9226 30 > 
02467 a member to the moment causing 
02467 . ° Pi 
02267 rotation at the other, simply suppo! 
ed end. Fig. 5 shows a unit momen! 
applied to the free end of a wi 


01867 
01267 
.00467 


ou nnenna 


XK KK KK KK 
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Applied 


Fig. 5—Unit moment applied to free vet “5 —4 
$ 





end of unit span 





span, the other end of which is fixed. The moment diagram for this 
condition is also shown. 

(C, = carry-over factor for a moment applied at left end 

Cr = carry-over factor for a moment applied at right end 

Since it is known that the deflection of either support is zero, by area- 
moments, the moment of the /@/EI diagram about the left support is equal 
to zero. As previously defined, the moment of inertia at a distance x from the 
left support is 7, and the least moment of inertia anywhere in the span is /,. 
Then, 


| i CL il, ; 
J (x)(1 — x) dz — — -f (x?) dx = 0 
EI,/ °l, EI,/ ol, 


which by definition becomes 


b= Cr al 


Similarly, 
b 
ar 

*a beam of uniform section, b = 1/6 anda; = a = 1/3. 

', = Cr = 1/2 which is the conventional value for prismatic beams. 

It should be noted that in the foregoing derivation, / was considered a 
constant. Furthermore, it is apparent that the derived carry-over factors 
are independent of the span length or applied loading. 

Stiffness—The stiffness at one end of a member is defined as the moment 
required to rotate the simply supported end through a unit angle when the 
other end is fixed. This can be represented by K, = (kEI,)/L in which 
K;, = stiffness at left end, k = stiffness factor, L = span length, and the 
other terms are as previously defined. 

teferring again to Fig. 3, a unit angular rotation at the left support will 
result in a unit distance at the right support, from the support to a tangent 
drawn through the left support. 

Thus, taking moments of the M/E/ diagram about the right support and 
equating this to unity 


va - ml, pl. 
K; —— f (1 — 2) dr - (2) (1 — 2) dx | = 1 
EI, J 01, 1,3 ol, 
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Then 


Kr 
—-| ar - (b) j= 1 
El ar 


or for a unit span 

~~ Seo 

Ky = El * 
ar~— b? ar 
For a span L, this becomes 
El, 
L 
Similarly the stiffness at the right support is 
E1,[ 1 
Kr = — - 
L | au — b*/ar 


5 
—— | ane | - | 
*/ay ay — b*/apr 


are defined as the stiffness factors which, for a prismatic beam, reduce to 
1/(1/3 — 3/36) = 4, the conventional value for stiffness factor of prismatic 


Ky, = 














the terms 





beams. 

Also, since only relative stiffnesses are required, EF may be ignored. For 
prismatic beams this becomes the conventional J/L. 

Stiffness check—From Eq. (3) 

Cr, = b/az and Cr = b/ar 


From Eq. (4) 


: I, l . I | 
Ki, = and Kr = 
L Qre- b2 ar L @s - h2 ar 


thus 

b] 
CLK 
: . L (a.ar 
and 
e £. bl, 


Cr Kr = 








ar L | a, — b2/arg L (aypar — 6?) 


Niscellaneous Load -W 
1 
| 
| 
| 
| 
| 
| 











4] 
a Span = 
bo 
| 
| 
| 
| 





L 


® 
| mR 


a 
Mement Diagram Fig. 6—Span fixed at both ends 
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In other words, C.K, = CrKpr, which serves as a valuable check on the 

alculations for carry-over and stiffness factors. 

Fixed-end moments—Fig. 6 shows a span L fixed at both ends and support- 
ing a miscellaneous load W. The fixed-end moments are, respectively, M 
and Mp, for the left and right supports. 

In the moment diagram (Fig. 6) the upper part represents the simple beam 
moment and the lower part represents the effects of end restraint. Taking 
moments of the moment diagram about the left and right supports respec- 
tively, 


Vp + Mrb = S, 


Xx WL 
Vp + M, arg = Sr xX WL 


TS. b 


- Spr ay ' 
WL 
- Apt AR 


h2 
. Sr b — Sr a R , 
= WL 
- - @ IR 
a } L GR 





For 


‘a prismatic beam with an applied uniform load, Eq. (5) reduce to 


1/24 X 1/6 ~ 1/24 X 1/3]. WL 
Mo o= | "| wb 
1/6 X 1/6 — 1/3 X 1/3 


o 


12 
which is the conventional value. 


Fixed-end moment due to deflection of a support 


Fig. 7 shows a span L, 
fixed at both ends, with the left support deflected downward a distance A 


and the moment diagram for the restraining moments at the supports. 
as before, by area-moments 


12 

A = | Mas Mr a| | 
I? 

+ A = gE ar Ur | f8 


From which 


itt A EI 
Ns on) ———— ea 
Qrat~— b2 L2 


Thus, 





Fig. 7—Span fixed at both ends 
left support deflected 
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TABLE 3—COEFFICIENTS OF AREA-MOMENTS FOR UNIT SPAN 
LOADED WITH UNIT END MOMENTS 


Values in boldface type are worked example 


(3) (4) (5) (6) 


Coefficients 


ar b 


09033 .00467 
07233 01267 
05633 01867 
04233 02267 
03033 02467 
02033 02467 
01233 02267 
00633 01867 
00233 01267 
09033 00033 00467 


rn are +b A EI, 
a Great~— b2 I? , 


‘a prismatic beam, Eq. (6) reduce to M,; = Mp = (6EIA)/L?*. 


cooocooecoeo | 


aocooooceceso 
ecococeceoo 
gthserssese? 


So 
3 
@ 


APPLICATION OF THEORY 


For any straight beam of variable section the following procedure will 
yield the design constants for use with the method of moment distribution: 
1. Divide the beam into ten equal parts and compute, for each part, the average 
moment of inertia, /,. 
9 


to T,. 


For each part, calculate the ratio of the least moment of inertia of the beam, /,, 


3. Insert the values of /,//, into Table 3 and calculate az, ar, and b. 


1. Insert the values of /,//, into Table 4 and calculate S; and Sz for the appropriate 
load. If the beam is subject to more than one load, S; and Sz may be calculated separ- 
ately for each load and added together. 


5. Calculate the design constants by substituting the calculated a,, ar, b, S,, and 
Spr into the following formulas: (a) carry-over factors—Kq. (3); (b) relative stiffness 
Inq. (4); (e) fixed-end moment due to load—Eq. (5); and (d) fixed-end moment due to 
deflection of support—Eq. (6). 


Load: W 
LLliLhtitltltllllLll2 


hick. 















































Fig. 8—Example beam 
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TABLE 4a—COEFFICIENTS OF Si: (AREA-MOMENTS ABOUT LEFT SUPPORT) 
FOR UNIT SPAN SUBJECTED TO UNIT TRANSVERSE CONCENTRATED LOAD 


Position of concentrated load 
3 04 0.5 0.6 0.8 0.9 


0.00030 00027 00023 00020, 0.00017) 0.00013 0.00010 0.00007 0.00003 
0.00127 00187 00163 00140) 0.00117) 0.00093, 0.00070) 0.00047 0.00023 
0.00187 00373 00443 00380, 0.00317) 0.00253) 0.00190 0.00127 0.00063 
0.00227 00453 00680 00740) 0.00617 0.00493) 0.00370) 0.00247 0.00123 
0.00247 00493 00740 00987; 0.01017 0.00813) 0.00610, 0.00407 0.00203 
0.00247 00493 00740 00987) 0.01233 0.01213) 0.00910 0.00607 0.00303 
0.00227 00453 00680 00907, 0.01133. 0.01360 0.01270 0.00847 0.00423 
0.00187 00373 00560 00747 0.00933) 0.01120) 0.01307 0.01127 0.00563 
0.00127 00253 00380 00507 0.00633) 0.00760 0.00887 0.01013 0.00723 
0.00047 00093 00140 00187) 0.00233 0.00280) 0.00327 0.00373 0.00420 


TABLE 4b—COEFFICIENTS OF Sr (AREA-MOMENTS ABOUT RIGHT SUPPORT) 
FOR UNIT SPAN SUBJECTED TO UNIT TRANSVERSE CONCENTRATED LOAD 


(5) t 7 


Position of concentrated load 
0.1 0.3 0.4 0.5 0.6 0.9 


00420 00373 00327 00280 0.00233 0.00187 0.00140 0.00093 0.00047 
007 23 01013 OO887 00760, 0.00633 0.00507 0.00380 0.00253 0.00127 
00563 01127 01307 01120 0.00933 0.00747 0.00560) 0.00373, 0.00187 
00423 00847 01270 01360, 0.01133 0.00907 0.00680) 0.00453 0.00227 
00303 00607 00910 01213 0.01233 0.00987 0.00740 0.00493 0.00247 
00203 00407 00610 00813 0.01017 0.00987 0.00740 0.00493 0.00247 
00123 00247 00370 00493 0.00617 0.00740 0.00680) 0.00453 0.00227 
00063 00127 00190 00253. 0.00317 0.00380 0.00443 0.00373 0.00187 
00023 00047 00070 00093 0.00117 0.00140 0.00163 0.00187 0.00127 
00003 00007 00010 00013) 0.00017 0.00020 0.000283 0.00027 0.00030 


4c—COEFFICIENTS OF Si AND Sr (AREA-MOMENTS) FOR UNIT SPAN 
SUBJECTED TO UNIT TRANSVERSE DISTRIBUTED LOAD 


Values in boldface type are worked example 


(2) (3) 4 5 ) 7 


St Sr Si Sr S Sr 


00015 00218 00020 00281 00011 00177 
00098 00536 00120 00659 00076 00390 
00236 00697 00274 00813 00197 00582 
00398 00736 00437 00809 00359 00662 
00558 00675 | 00573 00701 00538 00654 
00675 00558 00654 00538 00701 00573 
00736 00398 00662 00359 00809 00437 
00697 00236 00586 00197 00813 00274 
00536 00098 | 00390 00076 00659 00120 
00218 00015 | 00177 00011 00281 00020 


'*Ohme 


oon 


ecoococeceoo 


Sy,cesscsososoose 
eoococeceoo 
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Ilustrative example 

Fig. 8 shows a tapered rectangular beam of uniform width subjected to a 
uniformly distributed transverse load, W. The span is divided into ten equal 
parts and the depth, D,, at the average section of each part, and the ratio of 
D?/D, is tabulated below the span, since for uniform width D,°/D,° 
i 


These values of J,/J, are inserted in Table 3 and az, ap, and b are calculated 
as shown. 

This procedure is repeated using Table 4 to calculate S; and Sp for the 
condition of uniform load. 

Then the design constants are calculated by substitution in the appropriate 
formulas as shown. 


Carry-over factor 


0.057 


0.068 
0.057 
are 0.191 


Re lati ¢ stiffne 88s 


| I I 
= (6.99) 
L — §2 ar L 
. < 19.61 
= . (1Y.01) 
— }2 aR L 


Check on carry-over factor and stiffness 
C, Ky, = 0.838 X 6.99 = 0.585 
Cr Kr = 0.298 X 19.61 = 0.585 
Fizxed-end moment due to load 


[Sib as i ™ WL 


18.41 


Mi =]|- 
b2 — ay apr 


Spb " Sar = WL 
Mp =| - —— WL = — 
b2 — ay apr 8.60 


Fixed-end moment due to deflection of support 


[ at,+b | aT, 12.84E/,A 


M ~ 
. L2 L2 


ap ar — b? 


ay, ar — bb? 





[ aret+b EI.A 25.47EI,A 
M, - -——— = 


i 


CONCLUSIONS 


There is available much published literature and many texts presenting 
tables and diagrams from which design constants may be obtained for beam: 
of variable moment of inertia. However, most of these tables and diagram 
are applicable only to specific haunches. Obviously, the variations of no! 
prismatic beams are infinite in number. 





DESIGN CONSTANTS FOR BEAM 849 


With the use of area-moments based upon a unit span, a method has herein 

en developed which facilitates the calculation of design constants for any 
traight beam of variable section. The comparative ease with which accurate 

sults are obtained by this method will be obvious when contrasted with the 
tedious computations required by the “exact”? methods. 
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Title No. 52-54 


Cracking in Reinforced Concrete Flexural Members* 


By ARTHUR P. CLARKt 


SYNOPSIS 


Tensile cracks, normal to the tensile stress in reinforced flexural members when 
loads are applied, were investigated in a series of tests of slabs and beams. Spacing 
of the cracks was measured, crack widths on the tensile face were determined by the 
use of Tuckerman optical strain gages, strains in the tensile reinforcement were 
measured with electric resistance strain gages, and deflections of the specimen were 
measured with taut wires, and scale devices. Location and extent of cracks were 
observed and recorded. 

Slabs of different widths and beams of different depths and spans, with different 
bar sizes and percentages of reinforcement in each, were tested under loads applied 
at the quarter points. Measurement of the width of cracks was confined to that 
portion of the specimen in which the bending moment was constant 


INTRODUCTION 


The low tensile strength of concrete, its low extensibility, and the stresses 
induced by drying shrinkage combine to produce cracks in the tensile zone 
of loaded reinforced concrete flexural members. Often these cracks are barely 
visible when they first occur but increase in width as loads on the specimen 
increase and the steel reinforcement alone resists the tension. The width 
of such cracks under a given stress in the reinforcement is a matter of concern 
to those responsible for the design of a structure. Cracks wide enough to 
be clearly visible, may, in some cases, be objectionable because of appearance. 
When cracks are of appreciable width, they may be a source of danger due to 
the possibility of attack on the reinforcement by corrosive agents and in 
hydraulic struetures excessive width of cracks may permit leakage. 

Tests described were made to secure information which might enable 
designers to estimate spacing and width of cracks in flexural members of 
different design and for different stresses in the reinforcement. The tests 
were carried out at the National Bureau of Standards by the Research Fellow- 
ship of the Committee on Reinforced Concrete Research of American [ron 
and Steel Institute. 


*Received by the Institute, May 27, 1955. Title No. 52-54 is a part of copyrighted JourNaL or THE AMERICAN 
Concrete Institute, V. 27, No. 8, Apr. 1956, Proceedings V. 52. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Aug. 1, 1956. Address 18263 W. MecNichols 
Rd., Detroit 19, Mich. 

tMember American Concrete Institute, Research Associate, American Iron and Steel Institute Fellowship at 


the National Bureau of Standards, Washington, D. C. 
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TEST SPECIMENS 


Specimens consisted of slabs 6 in. deep, from 6 to 15 in. wide, and beams 
having cross sections of 6 x 15 and 6 x 23 in. The slabs were 8 ft long and 
were tested with a span of 6 ft while the 15- and 23-in. beams were 11 and 
13 ft long and were tested with spans of 9 and 11 ft, respectively. Table | 
gives the designations of specimens and the number and size of reinforcing 
bars. Fig. 1 illustrates the slabs and beams and arrangement of reinforcing 
bars. All specimens were tested as simply supported beams with loads 
applied at quarter points. 

Specimens were cast in steel molds with tensile reinforcement near the 
bottom. After 5 days they were removed from molds and kept moist until 
2 days prior to testing at 28 to 30 days. Three standard 6 x 12-in. contro! 
cylinders were cast with each specimen, stored in the same manner, and 
tested at the same age as the specimen to determine the compressive strength 
of the concrete. 

All specimens were reinforced with deformed bars of intermediate grade 
steel meeting the requirements of ASTM A 15-54T for billet steel bars. 
The deformation of the reinforcing bars met the requirements of ASTM 
A 305-53T. 

Specimens were made from a mix of Type I cement, sand, and grave! 
proportioned approximately 1:3.4:4.7, by weight. The sand and gravel were 
siliceous aggregates and the maximum size of coarse aggregate was 1 in. 
Water content of the concrete was about 8.4 gal. per sack and the slump 
ranged from 3 to 6 in. The average compressive strength of the cylinders, 
cured in the same manner as the flexural specimens, was 3850 psi. Com- 
pressive strengths, f.’, obtained with control cylinders for the individual! 
specimens are given in Table 2. 

instrumentation for measuring the width of tensile cracks in the specimens 
consisted of Tuckerman optical strain gages (Fig. 2). Arrangement of the 
gages on the specimen is illustrated in Fig. 3. Two rows of Tuckerman gages 
located at equal distances from the longitudinal centerline of the specimen 
were used. The gages in the two rows were staggered and overlapped 0.5 in 
to include every crack which formed within the region of constant bending 
moment. Strains in the tensile reinforcement were measured with electric 
resistance strain gages, one gage attached to each side of each bar at the 




















Fig. 1—Dimensions of specimens anc 
type of loading 





CRACKING IN FLEXURAL MEMBERS 


TABLE 1—DESCRIPTION OF SPECIMENS AND REINFORCEMENT 


6-in. slabs 6 x 15-in. beams 


Reinforcement teinforcement 


Width Bar Spacing Ratio No. iece Ratio 
b, in No. 8, in p J p 


12 « 6 0035 ‘ 0.0101 
< 0052 5-6 ; } 0.0110 
0055 5-6 4 0.0142 
0069 < 4 0.0153 
0083 5-6 0.0165 
0102 ‘ t 4 0.0203 
O115 f { 0.0246 
0133 5-6-4 0.0258 
0156 
0158 6 x 23-in beams 
0158 
0159 Reinforcement 
0176 
0198 No c Bar No Ratio p 
0229 
0250 3-6 0.0101 
3 ] 0.0128 
0.0159 
0.0250 


S~1gGe 


Semis 


> 
1 
NS 


eer 


“I DW 


us 


Ouse 


ONS 
PAD 
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center of the span. Deflection at the center of the span was measured with 
scales attached to the specimen with a wire stretched between two points 
directly over the supports on each side. 


TESTING PROCEDURE 


Tests were made in a 600,000 |b capacity hydraulic machine. To facilitate 
placement and reading of the Tuckerman gages, the specimens were placed 
in the testing machine with the tensile side up and loaded at the ends (Fig. 
3). The specimens were supported on rockers at the quarter points and the 
load applied through a steel loading beam with a roller at one end and a 
spherical bearing unit at the other. Steel bearing plates | in. thick covering 
the full width of the specimen and 3.5 in. of its length were used at load and 
reaction points. 

The specimen was preloaded to 500 lb and after removal of the preload the 
gages were read for zero loading. The load was then applied in increments 
from 500 to 5000 Ib depending on the size of the specimen. Each increment 
of the load was applied at a rate of about 1000 lb per min and all gages were 
read and the location and extent of cracks were recorded immediately after 
application of each increment. The duration of the test was from about 


Fig. 2—Tuckerman gage used for 
measuring crack width 
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Fig. 3 — Arrangement of 
Tuckerman gages on speci- 
men and method of loading 









































LOCATION OF TUCKERMAN 
STRAIN GAGES 


1 to 3 hr, depending on the magnitude of the maximum load supported by 
the specimen and extent of cracking during the test. 


The Tuckerman gages used for measuring width of cracks had a gage 
length of 6 in. and a 0.5-in. lozenge. Normally, Tuckerman gages are used 
with a 0.2-in. lozenge and have a sensitivity of 2 K 10-® in. per in. and a 
range of 0.005 in. However, with the larger lozenge, the range was increased 
to about 0.012 in. and the sensitivity was correspondingly reduced. Even 
with the extended range it was necessary at times to reset some of the gages 
during the test. The gage was set at zero load with the “compression” 
image near the top of the scale and as the crack formed and widened and 
the image approached the lower end the roof prism was reset with the ad- 
justing screw. The Tuckerman gages were supported on brass bearing strips 
attached to the surface of the concrete with epoxy thermosetting resin cement 
They were held firmly in place with steel springs, the ends of which were 
attached to brass anchorage strips cemented to the concrete in a similar 
manner. The gages were equipped with 45-deg prisms to enable the operator 
to view the images with the autocollimator in a horizontal position. 


The gages indicated tensile strain in the concrete prior to formation of 
cracks within the gage length. However, the gage reading after formation 
of a crack was taken to represent the width of crack spanned by the given 
gage and no attempt was made to correct the crack width for the strain i 
the concrete. The magnitude of such a correction would be uncertain be 
cause of the random occurrence of cracks relative to gage points and the 
fact that tensile strain at sections midway between cracks drops markedl: 
after formation of a crack. Unpublished data obtained in other tests oi 
flexural members, in which cracks were induced to form at predetermined 
places, indicate that at sections midway between adjacent cracks, strai! 


on the tension side of a beam becomes a compressive strain following fo! 


mation of cracks. This compressive strain continues to increase with th: 
tensile stress in the reinforcing steel as long as no additional cracks forn 
between the original pair of adjacent cracks. 





CRACKING IN FLEXURAL MEMBER: 


RESULTS AND DISCUSSION 
To secure data covering the important variables, 58 specimens were 
studied. Results of these studies are summarized in Table 2 which gives 
essential dimensions of the specimens, number and size of reinforcing bars, 


ompressive strength of concrete, and observed width and spacing of cracks 


for computed steel stresses ranging from 15,000 to 45,000 psi by 5000-psi 
increments. Both the average and maximum values of the width of cracks 
are given for each specimen. 

In the designation of a specimen, the first figure in the number is the depth 
of the specimen, the second is its width, the third is the size of the reinforcing 
bar, and the last is the specimen number. 

Since concrete is a heterogeneous material and as cracks occur at random, 
location and spacing of cracks are subject to considerable variation. In 
addition to the inherent variability of the spacing and width of cracks, méasure- 
ments were further complicated by the fact that the orientation of the cracks 
sometimes resulted in their being measured by more than one gage. Since 
the gages were 6 in. long, a given gage would measure two cracks in a few 
cases; therefore, in reduction of the data it was necessary to exercise judgment 
in deciding which gage readings to use in determining average and maximum 
widths of cracks. All cracks that were not more than 6 in. beyond the limits 
of the region of constant moment were used in computing average spacing. 
The crack pattern of a typical beam after test is shown in Fig. 4. 

Results of the tests are presented graphically in Fig. 5 which shows the 
grand average of the spacing of cracks and their average and maximum 
widths plotted against computed stresses in. the steel. As the stress in the 
steel was increased, the average spacing of cracks decreased rapidly at first 
and then appeared to approach a constant value. Fig. 6 shows the relation- 
ship between computed and measured stress in the reinforcing bars and 
applied load for a few typical beams. 

Computed values of stress presented in Fig. 5 and 6 and elsewhere were 
obtained by a straight-line formula on the assumption that the steel was not 
stressed beyond its yield strength. A number of bars of each size used were 
tested in tension and the minimum yield strength observed was 40,000 psi. 


Fig. 4—Typical crack pattern at failure 
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CRACKING IN FLEXURAL MEMBERS 


Fig. 5—Relationship between com- 
puted stress in steel and spacing and 
width of cracks 
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In some instances the yield strength was less than 45,000 psi, consequently 
at a computed stress of 45,000 psi the width of cracks may have been affected 
by plastic deformation in the steel. 


In analyzing the data and formulating an expression for the width of cracks, 
use was made of the equation presented by Watstein and Parsons! in their 
paper describing formation of cracks in axially reinforced concrete cylinders. 
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Where 
w = average width of cracks, in. 
Ci, Ce = coefficients, the values of which depend on distribution of bond stress, bond 
strength, and tensile strength of concrete 
diameter of reinforcing bar, in. 
cross-sectional area of reinforcement, sq in. 
cross-sectional area of concrete, sq in. = (bd) 
ratio of longitudinal reinforcement = A,/A, 
computed stress in reinforcement, psi 
compressive strength of concrete, psi 
ratio of modulus of elasticity of steel to that of concrete (assumed to be equal 
to 8 in this study) 
over-all depth of beam or slab, in. 
distance from compressive face of beam or slab to centroid of longitudinal 
tensile reinforcement 
In evaluating the coefficients C,; and C2, it was recognized that their values 
might be influenced by the different variables in this investigation. The 
first step in evaluation of the coefficients consisted in plotting observed 
widths of crack against computed stress in steel for each specimen. These 
plots gave, in general, reasonably well defined straight lines. 
From these data coefficients C; and Cy were found to have the following 
empirical values: 
C,; = 2.27 K 10°* (h — d)/d 
and 
C. = 56.6 
Substituting these values in Eq. (1) it becomes 


h-—d\D 1 
a im 2297 x 10-8 —— —_ } A - 56.6 — —- 8 
d p Pp 


This formula was used to compute the average widths of cracks for stee! 
stresses of 20,000, 30,000, and 40,000 psi. Computed values are shown 


plotted against observed values in Fig. 7. The observed values of width of 
cracks are average values based on one or more specimens of identical design 
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Examination of Eq. (2) indicates that the average width of tensile cracks 
s proportional to the ratio of diameter of the bar to the percentage of longi- 
tudinal reinforcement and to the quantity (h — d)/d which represents the 
ratio of the thickness of concrete cover to effective depth of the slab or beam. 


Eq. (2) is in qualitative agreement with the findings of other investigators? 


who reported that the width of cracks may be reduced by using a large 
number of small bars and that the widths were approximately proportional 
to the increase of stress in steel beyond that causing cracking. 

Average maximum width of crack for each value of stress from 15,000 psi 
to 40,000 psi was about 1.64 times the average width. Although essentially 
the same value of 1.64 was obtained at each value of stress in the steel, it 
ranged from 1.18 to 2.77 for individual specimens. 


SUMMARY 


While results showed considerable scatter, it was found possible to express 
the average width of cracks by means of a formula similar in form to one 
which had previously been derived for symmetrically reinforced and axially 
loaded cylindrical specimens. This formula was adapted to flexural members 
by evaluating the coefficients empirically. 

Average width of cracks was found to be proportional to the product of 
the quantities D/p and (h —d)/d. Average width was also found to be 
proportional to the increase of steel stress beyond that causing initial crack- 
ing. These observations are in qualitative agreement with findings of other 
investigators who reported that the width of cracks can be reduced by using 
a large number of small bars and by increasing the ratio of reinforcement. 

Average spacing of cracks decreased rapidly with an increase in steel stress 
beyond that causing the first crack, and at stresses of 30,000 psi or more the 
average spacing appeared to approach a constant value. 

It was found that Eq. (2) gave values for average width of crack in reason- 
ably good agreement with the observed values. 


Additional tests are being made of specimens with compressive strengths 
of 2000 and 6000 psi. 
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Title No. 52-55 


Specific Volume of Evaporable Water in Hardened 
Portland Cement Pastes* 


By L. E. COPELANDt 


SYNOPSIS 


The mean specific volume of chemically free water in saturated hardened 
portland cement pastes was found to be 0.99, independent of the extent of 
hydration of the cement or the water-cement ratio of the paste. This implies 
that there is no difference between the specific volumes of gel water and 
capillary water in saturated pastes. The total pore volume of a hardened 
paste is thus 0.99w,. The conclusion of Powers and Brownyard that gel 
water was more dense than capillary water resulted from determining the 
specific volume of the solids in hardened pastes by a helium-displacement 
method. 

The specific volume of the hydration products, 0.398, determined in this 
work agrees well with the 0.392 obtained by Powers and Brownyard using the 
water-displacement method. 

The amount of water that a paste must absorb to remain saturated while the 
cement is hydrating is given by the equation: w, — w, = 0.25w, 

A typical hardened portland cement paste that is saturated with water is 
capable of giving up water equal to about half its own volume with only 
a microscopic change in its external dimensions. Its internal surface ares 
is large, about 180 sq m per g, equivalent to about 1.3 acres per cu in. These 
are characteristics to be expected if the paste is composed of small particles 
bonded together with chemical bonds at the points of contact between par- 
ticles. The small particles are formed by chemical reactions between the 
cement and a part of the water used in mixing the paste. The rest of the 
water remains in the voids, unless it escapes by evaporation. 

Since the volume of the hydration products is less than the sum of the 
volumes of the cement and water that reacted, the voids will not be filled 
completely with water unless the paste was allowed to absorb water during 
the curing process. If the pastes are maintained saturated, the voids are 
completely filled, and the volume of the voids can be found by determining 
the volume of the chemically free water present in the saturated paste. 

The problem is complicated somewhat by the presence of soluble consti- 
tuents in the cement; the fluid in the voids is really a solution, containing 
primarily the alkalies and calcium hydroxide. In addition to this difficulty, 
*Received by the Institute Jan. 27, 1955. Title No. 52-55 is a part of copyrighted JourNaAL or THE AMERICAN 
Concrete Instirute, V. 27, No. 8, Apr. 1956, Proceedings V. 52. Separate prints are available at 50 cents each 
Discussion (copies in triplicate) should reach the Institute not later than Aug. 1 1956. Address 18263 W. McNichols 


Rd., Detroit 19, Mich. F : 
tSenior Research Chemist, Research and Development Division, Portland Cement Assn., Chicago, Ill 
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we have no way of determining absolutely the amount of chemically free 
water present in hardened pastes. The amount of evaporable water is 
however, so nearly equal to the amount of chemically free water that the 
former can be and is used as a measure of the latter. 

This paper reports our findings on the partial specific volume of evaporable 
water in hardened paste. We have found that the partial specific volume of 
water in saturated hardened pastes is 0.99, and have been unable to detect 
a difference between the partial specific volumes of capillary water and gel 
water. The data of Powers and Brownyard! are consistent with the data 
reported here. The difference in interpretation is due to their assumption 
that the helium-displacement method gave the correct density of the solid 
phase, whereas it turned out that the helium method gave too low a value. 

The data are treated thermodynamically. The partial specific volume of 
water in hardened pastes is independent of both the mechanism by which it 
is held and the manner in which nonevaporable water is determined. The 
amount of evaporable water, however, depends upon the manner in which 
nonevaporable water is determined. Consequently, the uncertainty in cal- 
culating porosities of paste is essentially the uncertainty in determining the 
chemically bound water in pastes. 


EXPERIMENTAL PROCEDURES 

Materials 

The specimens prepared for this work were made from a commercial cement 
(lot No. 15754). Some specimens made from other cements and prepared 
for other projects were also examined. Compositions of all the cements 
studied in this work are given in Table 1. 
Preparation of pastes 

Our present method of preparing portland cement pastes free from air was 
developed in connection with permeability studies? on hardened pastes. 
This technique was used in the preparation of all specimens for this work 
because certain analytical procedures, such as the determination of specific 
volumes of pastes, are simpler when performed on air-free pastes. The 
procedure is described below. 

A Waring blender was mounted on a pump plate. The required amount 
of water, chilled to keep the final temperature of the fresh mix at ahout 


TABLE 1—PROPERTIES OF CEMENTS USED IN POROSITY INVESTIGATION 


Specific Specific volume | Computed compound 

Cement | surface of of cement, Loss on composition, percent 
lot cement | ce per g ignition, 

No. (Wagner), | percent 

sq cm per g | Kerosene) Water C35 

15754 1800 0.319 | 0.315 | 0.95 | 45.0 | 27.7 | 13 

15756 1800 0.315 0.312 1.39 48.6 | 27.9 4. 

15758 1800 0.322 0.317 1.56 60.6 | 11.6 | 10 
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73 F, was placed in the mixing jar and the cement was placed in a hopper 
quipped with an electrical vibrator and supported on top of the mixing jar. 
\ bell jar was placed over the assembly and evacuated by means of a mechan- 
ical pump.- When the pressure under the bell jar was about 25 mm Hg, 
the mixer was turned on, and the hopper vibrated to cause the cement to fall 
into the mixer. Mixing was continued 14% min after the addition of the 
‘ement. 

Two 1 x 8-in. cylinders and one 1!%4 x 1-in. wafer were cast from each 
batch. The water-cement ratio ranged from 0.4 to 0.7. To minimize bleeding 
of the fresh paste, the cement was heated overnight at 105 C to partially de- 
hydrate the gypsum in the cement. This preheating produced a false set 
which materially shortened the time during which bleeding could occur, and 
produced a hardened paste more homogeneous than would have been 
produced otherwise. 

The wafers were cured by covering them with a small volume of water if 
they were to be tested within one week or by keeping them in a saturated 
atmosphere if they were to be cured longer than one week. 

The cylinders were cast in glass test tubes, were covered with water and the 
test tubes were stoppered immediately after casting. All pastes were stored 
in a constant temperature room at 73 + 1 F. At designated ages samples 
were analyzed for total water, nonevaporable water, and density. Specimens 
from the same batch were tested at different ages. 


Analytical methods 

The total water contents of the pastes, w,, were determined directly from 
the loss on ignition of the saturated pastes at 1900 F by correcting for the 
ignition loss of the original cement. The results are expressed as the total 
water per unit weight of cement, w,/c. 

The nonevaporable water,* w,, was determined from the loss on ignition, 
at 1900 F, of samples which previously had been dried to equilibrium with 
the vapor pressure of ice at dry ice temperature. These results are also 
expressed in terms of the original cement, w,,/c. 

The mass of evaporable water, w,, in a paste is the difference between 
the total and nonevaporable water: w, Wi — Wr. 

The specific volumes of the pastes were determined from the weighings of 
samples of the hardened pastes in water and in air. Since the pastes were 
mixed in vacuo, no air bubbles were present to vitiate the results. 


DISCUSSION 


One of the objectives of this work was to determine the specific volume of 
the evaporable water in hardened portland eement pastes. The mass of 


the evaporable water can be determined readily, but determining its volume, 
and hence the volume of the pores it fills, is another matter. A large part 
of the evaporable water in saturated hardened pastes is adsorbed on the 
surface of the gel. Adsorbed water and liquid water behave differently in 
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many ways; consequently, adsorbed water might be expected to have a specifi 
volume smaller than that of liquid water. The relationship between the 
specific volume of evaporable water present in saturated pastes and those 
properties of the pastes we have measured directly is not at all obvious from 
a cursory examination of the data. However, the relationship can be eluci- 
dated by standard thermodynamic procedures. We shall illustrate procedures 
and define essential concepts by first discussing a simple system. 

If we were to measure specific volumes of a series of solutions formed by 
dissolving a solute, a, in a solvent, b, we would find that the specific volume 
of the solution varied with the concentration of the solute; and, in general, 
that the volume of any particular solution would not be equal to the sum of 
the volumes of the pure components which formed it. The results of such 
measurements can be expressed in either of two different manners, both of 


which are thermodynamically correct, and both of which will be applied here. 


First, we might assume that the specific volume of the solute did not change. 
Then we could calculate the magnitude of the apparent specific volume of 
the solvent so that the volume of the solution would be the sum of the 
volumes of solute and solvent according to the equation 


Ve = Naa + Notre’... a (1) 


where V, is volume of the solution containing n, g of a with its specific volume 
v_ and nm g of b with its apparent specific volume »,’. Of course, we might 
have assumed, just as well, that the specific volume of b was fixed and eal- 
culated an apparent specific volume for a. The apparent specific volume 
may have no physical reality, but it is, nevertheless, a simple and useful 
concept. 

Secondly, a more erudite expression is obtained if we renrember that change 
in volume accompanying the solution process results from interaction between 
components, and that this interaction affects both components. Accordingly, 
we define partial specific volume for each of the components. The partial 
specific volume of a, i, is the rate at which the volume of the solution con- 
taining | g of b increases as the mass of a is increased. The partial specific 
volume of 6, 3, is defined in a similar manner: 


av, \ 
Va = a eee } 
Ong J/m=1' 
OV, 
» =| —— 
On, /Na= 1 


If we obtain V, ce of solution by dissolving n, g of a in n, g of b, we would 
obtain kV, ce of solution from kn, g of a and km g of b. Therefore, we know 
that the equation expressing volume of a system as a function of its compo- 
sition is homogeneous and of first degree. It follows from Euler’s theorem 
for homogeneous functions that 

Vi. = Nava + novrs (3) 

Physical significance of partial specific volumes is evident from the defi- 
nition. For example, if we had an infinite quantity of solution of definite 
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omposition and added 1 g of component a, the volume of solution would 
be increased by da. 

In some systems interactions between molecules different from each other 
wwe the same as interactions between similar molecules. In these systems 
both apparent specific volumes and partial specific volumes are equal to 
specific volumes of the pure components. 

Details of the application of these two procedures to hardened portland 
cement pastes are described below. It will be seen that the two procedures 
are complementary and that both give useful information. 


Apparent specific volume of combined and free water in hardened pastes 

Volume change is associated with the reaction between cement constituents 
and water. That part of the water which has reacted has lost its identity 
as water; nevertheless, Powers and Brownyard! found it convenient and useful 
to determine ‘‘mean,” or apparent, specific volume, v,, of total water in 
hardened pastes. The apparent specific volume of the total water is simply 
the difference between the volume of a portion of paste that contains | g of 
water, and the original volume of cement in that portion. They found », 
to be a linear function of w,/w,, and concluded on the basis of evidence avail- 
able to them that v, in hardened paste containing no capillary spaces 
was 0.86. It is this value that appears in their equation for capillary porosity.‘ 

We also found that », is a linear function of w,,/w,, but the best straight 
line does not pass through 1.0 at w,/w, = 0. Fig. 1, 2, and 3 show graphs 
of », versus w,/w, for three different cements. The method of least squares 
was used to calculate the positions of the lines shown, and the standard 
errors of the parameters. The probability that the intercept at w,/w, = 0 
is 1.0 ranged from 0.025 to 0.06 for the different sets of data. These prob- 
abilities were estimated from the standard errors of the parameters. Data 
reported by Powers and Brownyard agree precisely with these when the 
nonevaporable water contents are expressed on the same basis. 

The lines in Fig. 1-3 have different intercepts and slopes and thus indi- 
cate that the relationship is not the same for different cements. The positions 
of the lines depend upon the magnitudes of the apparent specific volumes 
of chemically free and chemically combined water. The apparent specific 
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Fig. 1—Apparent specific 

volume of water in satu- 

rated pastes of cement No. 
15754 
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Fig. 2—Apparent specific 

volume of water in satu- 

rated pastes of cement No. 
15756 


volume of chemically bound water is a weighted average, depending upon the 
magnitude of the apparent specific volume of water of hydration in each 
of the individual hydration products and upon the weight fraction of each 
of the hydration products. We should expect apparent specific volumes of 
water of hydration to be not exactly the same in all individual hydrates; 
consequently, even though apparent specific volumes of chemically free 
water in all pastes might be the same, we should expect that composition of 
the cement should influence the position of the line. However, we believe 
the effect cannot be as large as is indicated for cement No. 15756. 

The range of w,/w, for cement No. 15756 and for cement No. 15758 also 
was small; the data are sufficiently scattered to make the value of the inter- 
cept at w,/w, = 0 uncertain. Therefore, we tested these data by comparing 
the mean square deviation from their own least squares lines with the mean 
square deviation of these same data from the line of Fig.l. This test shows 
that the line in Fig. 1 fits data of Fig. 2 and 3 well within experimental error. 
Thus the data are not sufficiently precise to detect influence of composition 
of cement. Consequently, we have calculated the best single line to fit all 
our data for all cements investigated. This line is given by Eq. (4). 

v = 0.988 — 0.251 —" 
Ww; 


and is not appreciably different from the line of Fig. 1. 
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Fig. 3—Apparent specific 

volume of water in satu- 

rated pastes of cement No. 
15758 
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Values of the constants of Eq. (4) are not influenced strongly by variations 
compositions of the cements because the densities of the different cements 
e almost equal to each other and the same is true of the various hydration 
oducts. 


The linearity of the relationship between v, and w, w, can be explained 
ost simply if we assume that water is present in pastes in two forms, non- 

aporable and evaporable, and that these two forms have constant and 
haracteristic specific volumes. We shall see later, when we discuss the partial 
specific volume of water, that this assumption is valid. 


The evaporable water is saturated with cement constituents and calcium 
hydroxide. The value of v, at w, w, = 0, which is 0.99, is the apparent 
specific volume of the water in this saturated solution. It is also the value 
he apparent specific volume of water in fresh pastes would have if the paste 
ere mixed with water that had been saturated previously with cement 
onstituents. The apparent specific volume of nonevaporable water, v,, is 
found [by extrapolating Eq. (1) to w,/w, 1} to be 0.74. This value is 
ower than that of Powers and Brownyard, 0.82, which was calculated from 
helium-disp!acement measurements. 

Water absorbed by a paste during curing 

We can now calculate the weight of water absorbed by a hardened paste 
during hydration of its cement if we overlook the microscopic change in external 
dimensions of hardened paste during the curing process. The bulk volume 
of the solid phase, Vz, in a hardened paste is given by 


Vp ; Wt 2 


where c is weight and », is specific volume of cement. The volume occupied 
initially by w,:g of water and ¢ g of cement is 

Vi = cv. + 0.99 
Consequently, change in volume caused by the reaction is 

AV = Vz Vi; = w,(1 0.99) = — 0.25u 

The volume of the hydration products is less than the volume of the re- 
actants. Since the external dimensions of hardened paste do not change 
significantly, a volume of water equal to AV’ must be absorbed if the paste is 
to remain saturated. This increase in total water content is then 


O0.998w, — w = ().25w 


= (0.25 
where w, is the weight of the water used in niixing the paste. 
Partial specific volume of evaporable water in hardened paste 


The apparent specific volume of water at F ir fresh pastes is 0.99. The 


73 
linearity of the relationship between v, and w,,/w, suggests that 0.99 is also 
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the partial specific volume of the evaporable water in hardened pastes. We 
shall see that this is true from the following considerations. 

When several substances are mixed together, the volume of the mixture 
is generally not the sum of the volumes of the individual substances. This 
is true whether or not the mixture consists of a single phase or several phases. 
By examining the manner in which the volume of the mixture varies as its 
composition is changed, one can always determine a set of “‘partial specific 


volumes,”’ 7, such that the volume of the mixture can be expressed as 


v=> > NU k ee 
z k 


where n*, is the mass of the kth substance in the 7th phase and di, is the 
partial specific volume of the kth substance in the ith phase. 

The literal application of Eq. (8) to portland cement pastes is hopelessly 
complicated if the components are chosen to be the individual substances 
comprising the system. However, if we compare pastes made from a single 
cement, we can simplify the problem by defining three components as follows 

1. Residue of the original cement 

2. Hydration products, consisting principally of calcium hydroxide and 
the colloidal hydrates 
3. Evaporable water 

The evidence now available’ * suggests that the residue of a cement 
grain present in hardened paste has the same composition as the whole 
grain in the original cement. (This may not be true for all cements, but it 
is certainly true for cement No. 15754.*) So, if we neglect the minor differ- 
ences in composition between the fine particles, which disappear first, and 
the coarser particles, which may persist for a long time, we can consider the 
unhydrated cement as a single component of the hardened paste. The same 
evidence implies that the average composition of the hydration products is 
practically independent of the extent to which the cement has hydrated 
and makes it reasonable to consider the hydration products as the second 
component of the system. The evaporable water is a third component 
The composition of a hardened paste can be specified by stating the amounts 
of these three components present. The volume of the hardened paste can 
be expressed : 


V = ne + mata + NW. é (9) 


where n,., m, and n, are the masses, and 2%,, d,, and d, are the partia! 
specific volumes of the cement, hydration products, and evaporable water, 
respectively. 


In neglecting the differences in composition between large and small cement 
particles we have tacitly assumed that the partial specific volume of th: 
cement is constant and equal to the specific volume of the original cement 
It follows that the mass of the cement which has hydrated is proportiona! 


*Strange as it seems, this evidence indicates that after the first 24 hr the different cement compounds hydrat 
at the same over-all rates in cement pastes. This will be the subject of another paper. 
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o the nonevaporable water. Consequently, we can calculate the volume 
weupied by the unhydrated cement, .v., in the paste. And, since we are 
ot interested in the properties of the original cement, we can simplify our 
roblem further by reducing the system to a two-component system of 
hydration products and evaporable water. 

We accomplish this by calculating a corrected specific volume, v,’, for that 
part of the paste consisting of the hydration products and evaporable water 
only. The equation for the corrected specific volume is 


where v, is specific volume of hardened paste and a, the proportionality 
constant between w, and amount of hydrated cement; in other words a@ is 
weight of nonevaporable water per unit weight of cement in a paste in which 
all the cement has hydrated. The corrected specific volume of paste is related 
to the partial specific volumes of hydration products and evaporable water by 
vp = Ni’, + Nw'd« (11) 
where N,’ and JN,” are the weight fractions of hydration products and 
evaporable water, respectively, in the hydrated part of the paste, 7.e., 


Values of v,’ and N,’ for pastes of cement No. 15754 were calculated by 
Eq. (10) and (12). (@ for cement No. 15754 is about 0.235.) 
Generally, in two-component systems, partial specific volumes can be 


determined from plots of the specific volume versus weight fraction of one 


of the components.’ To determine the partial specific volumes of water 
and hydration products in hardened pastes, v,’ is plotted versus V,’. Then 
the tangent to the curve at a chosen N,,’ is drawn and extended until it inter- 
sects the lines N,,’ = O and N,’ = 1. The partial specific volume of water at 
the chosen composition is equal to the intercept of the tangent on the line 
N,” = 1, and the partial specific volume of the hydration product is equal 


to the intercept of the tangent on the line VV,’ = 0. 

For these data, the tangent always coincided with the line. In other 
words, we found v,’ to be a linear function of N,,’, as shown in Fig. 4. Pastes 
only 2 hr old, as well as those almost completely hydrated, and pastes with 
water-cement ratios ranging from 0.35 to 0.7 all fall on the same straight 
line, within the limits of experimental error. The linearity of the relation- 
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Fig. 4—Linear relationship 

between the “corrected spe- 

cific volume” of the paste 

and the weight fraction of 

evaporable water in satu- 

rated pastes of cement No. 
15754 





ship in Fig. 4 shows that the partial specific volumes of the components i: 
saturated pastes are constants—independent of the amount of hydratior 
product in the hardened paste. 

The intercept at N,’ = 1, the partial specific volume of the evaporable 
water, is 0.99. This is the same as the intercept at w,/w, = 0 in Fig. 1. 

The soluble constituents of the cement, principally the alkalies, probably 
account for the difference between the partial specific volume of the evapora- 
ble water in saturated hardened pastes and the specific volume of pure water 
at the same temperature. The concentration of the alkalies would be highe: 
for pastes with low water-cement ratio than for pastes with high water- 
cement ratio, but the variation in the partial specific volume of water caused 
by such differences in alkali concentration as can occur is smaller than the 
experimental error—there is no significant curvature indicated by the data 
in Fig. 4. . 

The cements studied here were all low-alkali cements, and all give the 
same value, within our experimental error, for the partial specific volume of 
evaporable water. It may be that a high-alkali cement would give a different 
value for the partial specific volume of water, but if we can judge by the 
variation of the partial specific volume of water with concentration in NaOH 
and KOH solutions, the differences between the results reported here and th 
results that might be obtained with high-alkali cements will probably not be 
significant. 

The intercept at NV,’ = 0 is 0.398. This is the mean specific volume of the 
hydration products in saturated pastes. The value agrees qualitatively) 
with values found by the water-displacement method reported by Powers 
and Brownyard,® 0.389-0.395, for different cements. 

When we calculated that the mean specific volume of the hydration prod- 
ucts was 0.398, we tacitly assumed that the nonevaporable water was equa! 
to the chemically combined water. If this assumption is not true, the mean 
specific volume of hydration products will not be exactly 0.398. However, 
the relationship between v,’ and N,,’ will still be linear and the value obtained 
for the partial specific volume of the chemically free water will be 0.99. Con 
sequently, the uncertainty of our knowledge concerning the chemically com 
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ined water does not influence the conclusion that the partial specific volume 
f the unreacted water in saturated pastes is 0.99 and that this partial specific 
olume is a function of neither the amount of water present nor the extent 
f hydration of the cement. It follows that the partial specific volume of the 
vel water is equal to that of the capillary water in saturated pastes. 


Compressed water 

Many workers have reported that adsorption forces ‘““compress’’ adsorbates. 
Consequently, we expected that the partial specific volume of water in a 
saturated gel would be smaller than that of pure water. Actually, the partial 
specific volume is | percent lower than the specific volume of pure water, but 
since the “compression”? does not vary with the amount of surface present 
per gram of water, it can hardly be ascribed to surface forces. This result 
is not much different from results reported on other systems. 


Morrison and MelIntosh® studied the compression of water adsorbed on 
charcoal. At a relative pressure slightly below saturation, the apparent 
specific volume of the adsorbed water was a little larger than the specific 
volume of liquid water. Tuck, McIntosh, and Maas!® studied carbon tetra- 
chloride and diethyl ether adsorbed on charcoals. The apparent specific 
volumes of the adsorbed materials became almost equal to those of the liquids 
as the saturation state was approached. Stamm and co-workers!!:' studied 
the adsorption of water on wood cellulose. The largest apparent specific 
volume he found, 0.89, was obtained at a relative vapor pressure equal to 
0.93. It may be that in this system, as in the others, the apparent specific 
volume of the adsorbed substance would become approximately equal 
to that of the normal liquid at saturation. The specific volumes of these 
adsorbates were determined by the displacement of helium and reported as a 
function of the relative vapor pressure of the adsorbate. 


The lowest values of the apparent specific volumes, obtained at low rela- 
tive pressures, were 10 to 15 percent lower than those of the normal liquids, 
but the specific volume approached that of the normal liquid as the relative 
vapor pressure approached 1. It is probable that the low specific volumes 
found at low vapor pressures result from the relatively small number of 
molecules adsorbed on the surface, for then the helium atoms can surround 
each of the adsorbed molecules. As more adsorbate is introduced with in- 
creasing relative vapor pressure, spaces, or holes, between molecules unavail- 
able to helium atoms would begin to form, just as in bulk liquids, and the 
apparent specific volume of the adsorbed phase would increase. In some 
cases the experimental results indicate that even more holes are formed in 
the adsorbed layers than oecur in the bulk liquid, since the specific volume 
of the adsorbed phase increases rapidly to a value greater than that of the 
bulk liquid. According to this concept, the densifying of the adsorbate at 
low surface concentrations is not the result of compression by surface forces 


but is caused by the orientation of the molecules in the adsorbed phase, the 


orientation being due to surface forces. 
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There appears to be nothing in these examples which is inconsistent with the 
fact that the partial specific volume of water in saturated pastes is just about 
the same as the specific volume of bulk water. 


The partial specific volume observed in saturated pastes is the mean partial! 
specific volume of all the free water. The conclusion that this value is near 
| in saturated pastes does not imply that the water adsorbed on unsaturated 
gels is not “compressed.” An investigation of the specific volume of adsorbed 
water as a function of the relative vapor pressure, or surface coverage, should 
yield interesting and valuable information concerning the adsorption process 
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Investigation of Stud Shear Connectors for 
Composite Concrete and Steel T-Beams* 


By |. M. VIESTt 


SYNOPSIS 


Push-out tests of round steel studs were made to determine the behavior 
and load carrying capacity of stud shear connectors. The tests have shown 
that a steel stud is suitable for use as a shear connector in composite concrete 
and steel construction. Empirical equations are presented for determining 
critical load. 


INTRODUCTION 


In reinforced concrete building and bridge floors supported on steel I- 
beams, the slab and the beams are often connected so that they deform as 
a unit; the resulting structure may be considered as composed of a series of 
composite T-beams.. Although the slab is usually connected to the I-beams 
through natural bond, such a connection is unreliable and may not provide 
composite action throughout the life of the structure.'. Thus, if the design 
calls for a composite structure, it is necessary to connect the slab to the I- 
beams by mechanical shear connectors fastened to the I-beams and em- 
bedded in the slab. Various types of shear connectors have been proposed 
and used;' several of them have been found satisfactory through experimental 


investigations.?-§ 


The shear connectors are usually connected to the I-beams by welding. 
Although welding shear connectors presents no technical difficulties, it is 
ordinarily time consuming and complicates fabrication of beams; further- 
more, if welding has to be done in the shop, the shear connectors may create 
transportation and erection problems. It is desirable, therefore, to devise 
a shear connector which can be fastened rapidly to I-beams both in the shop 
and at the construction site. 


A rapid process known as electric are stud welding is available for attach- 
ing steel studs from 3% to 20 in. long and having diameters from 6/32 to 
114 in.® In this process the stud constitutes one electrode; an electric arc 
set up between the stud and the flange of the I-beam melts the end of the stud 


and the adjacent surface of the flange; then the molten end of the stud is 


*Received by the Institute Apr. 4. 1955. Title No. 52-56 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 27, No. 8, Apr. 1956, Proceedings V. 52. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Aug. 1, 1956. Address 18263 W. MeNichols 
Rd., Detroit 19, Mich. 

_tMember American Concrete Institute, Research Associate Professor of Theoretical and Applied Mechanics 
University of Illinois, Urbana, 
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forced into the pool of molten flange metal. The process may be accom- 
plished in a few seconds with the aid of a stud welding gun. Portable equip 
ment permits fastening of studs with equal ease in the shop or at the cor 
struction site. 

This investigation was undertaken to study the behavior and load-carrying 
capacity of stud shear connectors. Tests were made on 12 push-out speci- 
mens. They paralleled in all important details earlier tests of channel shea: 
connectors,® since it was felt that some of the information obtained from thy 
more extensive investigation of channels could be used in analyzing results 
of the tests of stud connectors. 

Four push-out specimens were made with granular flux filled studs of 
34-in. diameter and two with similar studs of each of the following diameters 
l4, 54, 1, and 144 in. Half of the specimens with diameters of the same size 
were tested with continuously increasing load applied in several increments 
until failure; in the tests of the remaining specimens the load was released a 
few times before failure occurred. In addition, strength of concrete and 
spacing of studs were varied to some extent. 


TESTS OF PUSH-OUT SPECIMENS 


Specimens 

In response to bending, the concrete slab of a composite T-beam tends to 
slide along the flange of the I-beam; it is the function of shear connectors to 
prevent such movement. The action of a connector may be simulated in 
the push-out specimen shown in Fig. 1. This type of specimen permits a 
convenient study of the behavior and characteristics of full size connectors. 
In the earlier study of channel connectors, such specimens have yielded results 
in good agreement with those obtained from tests of T-beams.* 

Each push-out specimen consisted of an 8-in., 48-lb wide flange steel beam 
36 in. long, two rectangular concrete slabs 30 x 24 x 7 in. and four or eight 
studs. All studs for one specimen were the same size, stud welded to the 
I-beam on the same transverse cross section, and located symmetrically with 
respect to both vertical axes of beam symmetry. An equal number of studs 
were embedded in each slab. 

A cross section through a stud connector is included in Fig. | and four studs 
welded to the I-beam are shown in Fig. 2. The stud connector is a short 
length of round steel bar welded to the I-beam at one end and having an 
enlarged head on the other. The purpose of the head is to prevent the slab 
from lifting off the beam. The weld covers the full cross section of the stud 
as illustrated in Fig. 1. 


Average dimensions of studs are listed for each push-out specimen i! 
Table 1. Stud diameter varied from 0.50 to 1.25 in. and the height for a! 
studs was approximately 4 in. The head diameter was 0.2 to 0.5 in. large: 
than the stud diameter. Center to center distance of the studs, i.e., th 
spacing, was less than 2 in. in specimens 6A4 and 6B4, and approximatel) 
4 in. in other specimens, 
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TABLE 1—DIMENSIONS OF STUDS* 


Diameter 
veciment Height Thickness Edge Spacing § 
Stud Head Weld of stud of head 


distance} u, in 
, in. D, in. d’, in H, in t, in 


a, in 


500 0.69 00 4.00 0.50 
500 0.69 00 4.00 0.50 


625 0.81 ‘ 94 0.50 
625 0.81 < 3.94 0.50 


750 G4 f 90 
750 94 l 3.90 0.! 


750 94 5 00 0 
750 f os 0.! 


8A2 000 E 3.98 0 
8B2 000 2 5 3.97 0 


10A2 1.250 f 1.7 3.84 0.7: 35 4 
10B2 1.250 , 1.7! 3.94 0 3 j 


*All values are averages for all studs of each specimen; differences between individual studs were negligible 

tin the designation of specimens the first number gives stud diameter in eighths of an inch 
type of loading (A-continuously increasing, B-intermittently released); and the last number 
studs in one slab 

tDistance from edge of I-beam to nearest face of stud (Fig. 1) 

§Distance center to center of studs 


letter designates 
gives number of 


Note:- Specimens 6A4 and 


Head of testing machine 
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Section 8-8 


Fig. 1—Details of push-out specimens 
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To prevent bonding of concrete t 
the steel I-beam, the flanges of the 
I-beams were covered with a layer 
cup grease prior to casting the slal 
Slabs were cast horizontally to sin 
ulate the conditions in a composite 
beam. The horizontal casting re- 
quired a 1-day delay between casting 
of the two slabs of one specimen 
After the second slab was 1 day old, 
the specimen was placed in a moist 
room for 6 additional days of wet cur- 
ing. Between the end of moist curing 
and the time of testing the specimens 
were stored in the laboratory. Al! 
Fig. 2—Studs of specimen 6A4 specimens were tested about 28 days 
after the first slab was cast. 
The slabs were reinforced with a single layer of 4 x 4-10/10 wire mesh 
placed approximately 2.5 in. below the outside surface of the slab. 
Three or five 4 x 8-in. control cylinders were cast and cured with each 
slab. They were tested at about the same age as the corresponding specimen. 


Materials 


Concrete for the slabs was made of a standard brand of Type I portland 
cement, Wabash River sand, and Wabash River gravel. Fineness modulus 
of the sand was approximately 3.0 and maximum size of gravel was 1 in 
The proportions of the aggregates were 1:3.38:4.86 and the cement-wate1 
ratio was 1.3, all ratios by weight. Average strengths of the concrete in th 
slabs determined from compression tests of control cylinders are listed in 
Table 2. 

Since the studs were delivered to the laboratory already welded to the 
I-beam, the properties of the steel in the studs were determined from tests 
of tensile coupons cut from the studs after the push-out test. The coupons 
were cut from the free ends of the studs, 7.e., from the ends with the head 
They were 2 or 31% in. long shouldered specimens of circular cross section with 
the straight test section approximately 114 or 214 in. long. Since the studs 
were permanently deformed during the push-out tests, only the tensile strengths 


and the reductions in area were determined. Except for two studs of speci 


men 5B2, the properties of all studs of one specimen were in close agreement 
average properties are listed in Table 2. 

To determine stress-strain characteristics of the steel in the studs, on 
tensile coupon was prepared from the original material used in making th« 
l-in. studs. It was a round shouldered specimen 41% in. long with the straight 
test portion 314 in. long and 1% in. in diameter. Strains were measured with 
the aid of two electric resistance strain gages mounted on opposite sides o! 
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TABLE 2—PROPERTIES OF MATERIALS 


Compressive strength of concrete* 


Specimen Slab 1, Slab 2 verage of 
psi psi slabs 1 and 2 

psi 
3520 4160 3840 70.700 
4110 4660 4390 70.800 


4120 70.700 


3440§ 3790 g 68.000 
3780 7 $250 " 63.300 


1020 5.700 


3870 4 69.900 
£240 ) 70,400 
4060 70,100 
3360 ; 67.700 
3260 l 69.300 


3310 68.500 


3980 3760 
4320 4230 


4000 | 


3060 3190 
3300 3500 


3350 


*Compressive strength of each slab is the average of three or five 

with the corresponding slab. Cylinders were moist cured for 7 days 
tDetermined from tension tests of coupons cut from studs after the } 

cross section 2 or 34% in. long. One coupon was cut from each stud 

the same push-out specimen. 

tSlab cast first. 

§Average for two cylinders only 

**Studs located in slab 1 had ultimate strength of 55,100 














Fig. 3 — Stress-strain dia- 
gram for stud steel 
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the specimen. The stress-strain curve obtained is shown in Fig. 3. The 
yield point stress determined by the halt of the machine was 53,400 psi, 
and ultimate strength was 70,300 psi. The reduction in area was 63 percent 


Test procedures 

All specimens were tested with static loading in an Olsen screw-type machine 
of 300,000-lb capacity. The specimen was placed in the testing machin 
with the lower ends of the slabs bedded in plaster of paris. The load was 
applied to the upper end of the steel beam by the head of the machine through 
a spherical block and a steel distributing plate. To improve the distribution 
of load, strips of lead were inserted between the steel plate and the flanges 
of the beam. In placing the specimens in the testing machine, care was taken 
to insure concentric loading; the maximum eccentricity in the direction of 
the flanges of the I-beam was 1/16 in. and in the direction of the web 14 in. 

In the tests of specimens designated with letter A the load was applied in 
increments varying from 2000 to 10,000 lb until failure occurred (type A 
loading). In the tests of specimens designated with letter B the load was 
also applied in increments varying from 2000 to 10,000 lb, but was released 
at several load levels before failure (type B loading). The load was usually 
released and recovered in three steps of varying magnitude. 

In all tests slip between the slabs and the beam was measured by four 
0.001-in. dial indicators at the level of the shear connectors (Fig. 1). The 
dials were attached rigidly to the beam with the stem bearing against brackets 
glued to the slabs. Readings were taken after each increment of load. Dials 
were read to the nearest 0.0001 in. at low loads and to the nearest 0.001 in. 
at high loads. 

Specimens 5A2 and 6A2 were accidentally loaded while being placed in 
the testing machine. In specimen 5A2 this load was approximately 15,000 
lb; in specimen 6A2 the magnitude was not noted but the load-slip curves 
have indicated that it was approximately 40,000 lb. In both cases, the load 
was removed immediately. Data for both specimens were corrected for the 
effects of the overload. 


Test data 

Results of the tests of push-out specimens are presented in Fig. 4-6, 8, and 
9 and Table 3. The slips reported are averages of readings on four dials of 
one specimen; the individual dial readings were in reasonable agreement in 
all tests and the differences between the readings were judged insignificant. 
The reported loads are the total loads applied to the push-cut specimen 
divided by the corresponding number of studs; it is assumed in the following 
discussion that this load was carried by one stud. Such procedure involves 
two assumptions: (1) that the load was transmitted from the I-beams to 
the slabs only through the studs, and (2) that the load was distributed evenly 
between the individual studs. Although neither of these assumptions is 
strictly correct, the error involved is believed to be within the range of the 
accuracy of the test data. 
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TABLE 3—SUMMARY OF TEST RESULTS* 


Load-carrying capacity Critical load Itimate load 
at average slip, kips 


ecimen Load Slip, Slip Type of 


0.003 0.006 0.020 kips ) ) in 10 | failuret 
in. in. in. 


3 j 8.3 163 Weld 
2. K 8.0 5.8 ¢ 3 1: Weld 


3 8.: 


Weld 
Weld 


10 


*All loads are for one stud; they are equal to the respective test loads divi 

the specimen. Slips are averages of four dial readings 

tFailures occurred either by shearing off at the welds of 1 to 3 studs, « 

tTest data corrected for effect of overloading. 

§Slip at load of 30 kips per stud. 

**Slip at load of 40 kips per stud. 

Load-slip curves for specimens with four studs subjected to type A loading 
are shown in Fig. 4. The specimens differed only in the stud diameter and in 
concrete strength. Since the variations of the latter were insignificant (except 
for 10OA2 with concrete strength lower than that for other specimens) it can 
be seen from Fig. 4 that the capacity of the stud connector increases rapidly 
with the diameter of the stud. 

Results of the tests with type B loading are illustrated in Fig. 5, which in- 
cludes a typical load-slip curve for type B loading and the corresponding 
curve for type A loading. The load-slip curve for specimen 5B2 shows that 
at low loads practically all slip was recovered on the removal of the load. At 


high loads large residual slips were observed, and the slips measured during 


the removal and reapplication of load were considerably larger than those 
measured at first application of load. The envelope curve for type B loading 
was, however, in good agreement with the load-slip curve for the correspond- 
ing specimen subjected to type A loading. 

Increase of residual slip with increase of load applied prior to load removal 
is illustrated in Fig. 6. In this figure, maximum load before release is plotted 
against residual slip measured after load release; all four-stud specimens 
subjected to type B loading are included. Since the variations in strength 
of concrete were insignificant (except for specimen 10B2 having low strength) 
the only important variable included in Fig. 6 is the diameter of the stud. 
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Fig. 4—Load-slip curves for type A loading 


It can be seen that at low loads only small residual slips have taken place 
thus indicating that permanent deformations were small. It is believed 


that at these loads inelastic action was confined to the concrete. At higher 
loads, however, residual slip increased greatly with small increments of load 
indicating the presence of large inelastic deformations; both plastic defor- 
mations of concrete and yielding of the stud steel probably occurred at these 
loads. It can be seen further that the residual slip curves for specimens 
with studs of small diameter (4B2, 5B2, and 6B2) exhibit a sharp break as 
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Fig. 5—Typical load-slip curve for type B loading 
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Fig. 6—Residual slips 


the rate of increase of residual slip changes from slow to fast. For specimens 
with large stud diameter (8B2 and 10B2), however, the load-slip curves show 
a more gradual change in the rate of slip increase. This difference in the 
shape of the residual slip curves is believed to be caused by the yielding of the 
studs. The difference between the load at first yielding and the load at 
whieh yielding penetrated the full depth of the cross section is smaller for 
studs of small diameter than for studs of large diameter. Since large slip 
can occur only after the yielding penetrated deep into the cross section, the 
residual slip curve will show a sharp transition when the difference between 
the two loads is small and a gradual transition when the difference is large. 

Loads corresponding to the transition from small to large residual slips 
were determined for specimens with studs of small diameter (4B2, 5B2, and 
6B2) by extrapolation shown in Fig. 6; they are listed in Table 3 as critical 
loads. It may be seen in this table that the corresponding slips were of the 
order of 0.01 in. and the corresponding residual slips were smaller than 0.003 
in. For specimens with studs of large diameter (8B2, 10B2) it was not possible 
to follow a similar procedure because of the gradual transition from small to 
large residual slips; therefore the residual slip of 0.003 in. was selected as the 
criterion for determining the critical load for these specimens. Table 3 shows 
that the corresponding maximum slips were of the same order of magnitude 
as for specimens with studs of small diameter. 

Before the critical load was reached, the specimens held the applied load 
while the slip readings were taken. As the loading continued beyond this 
load, however, it became increasingly difficult to stabilize the load. Before 
maximum load was reached, some separation was observed of the slabs from 
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the beam. Maximum load could not 
be stabilized: a few seconds after 
reaching the maximum level, the load 
started dropping off and final failur 
followed. 

Six specimens failed by breaking off 
one to three studs at their welds at 
loads between 2.35 and 2.78 times the 
corresponding critical loads (Table 3 
Slips at failure were 16 to 37 times the 
slips at critical loads. An inspection 
after the test showed that the studs 
underwent large inelastic  defor- 
mations (Fig. 7), but the slabs re- 


mained undamaged except for per- 
Fig. 7—%-in. studs after failure manent 


deformations and shallow 
surface spalling under the connectors. 

The ultimate loads were proportional to the cross-sectional areas of the studs. 
The six remaining specimens failed by tensile cracking of both slabs at loads 
between 2.01 and 2.22 times the critical. The slips at failure were 7 to 12 
times the slips at critical loads. Inspection after the tests has revealed only) 
small permanent deformations of the studs (Fig. 2). All six remaining speci- 


mens failed at approximately the same total load; obviously, their strength 
was governed by the slabs. Had the slabs been thicker or reinforced more 
heavily, the ultimate loads of these specimens would have been higher. 
Effect of concrete strength 

Concrete strength for corresponding specimens (e.g., 4A2 and 4B2) differed 
up to 550 psi. These variations permit a study of the effect of concrete strength 
on the load capacities of studs at constant slip; results are shown in Table 4. 
It may be seen that the load capacity of a stud connector at constant slip 
increases with increasing strength of concrete and that the increase is ap- 
proximately proportional to ¥ f.’. 
Effect of stud spacing 

Specimens 6A4 and 6B4 had twice as many studs as specimens 6A2 and 
6B2; the spacing of studs in the former specimens was approximately one- 
half of that in the latter pair, namely 2 in. as compared to 4 in. The load- 
slip curves for specimens 6A4 and 6A2, and the residual slip curves for speci- 
mens 6B4 and 6B2 are plotted in Fig. 8. It can be seen that spacing of studs 
has no significant effect on either load-slip or residual slip curves. The sam« 
conclusion may be drawn from the data included in Table 3. 
Effect of stud diameter 

All test data show a definite increase of the load-carrying capacity of stud 
connectors with increasing diameter of studs. The quantitative relationshi; 
between critical loads and diameter is illustrated in Table 5 and Fig. 9. 
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It has been shown that the effect of TABLE 4—EFFECT OF CONCRETE 
STRENGTH 


trength of concrete on load capacity 
constant slip is approximately pro- 
portional to yf.’. Although the effect Ratio of | Ratio pe Shes as 
of eonerete strength on critical loads —"" | nn “ ett 
ay differ from that on the loads at 3 =i te 
constant slip, it undoubtedly is of a 
similar order of magnitude. It was 
decided, therefore, to correct the 
measured critical loads to one con- 
crete strength by multiplying each 
load with the factor y4000/f.’. The 
resulting values are listed in Table 5 
as “corrected Q,,;” also listed are the 
ratios of corrected loads to stud dia- 
meter and to the square of the dia- 
meter. Corrected loads are plotted 
against stud diameter in Fig. 9. 
It may be seen from Table 5 and 
Fig. 9 that the critical loads for studs 
of 14, %%, and 34 in. diameter are proportional to the square of the diameter; 


and for studs of 1.0 and 1.25 in. diameter, the critical loads are proportional] 


to the diameter. Constants of proportionality equal to 21 kips per sq in. 
and to 20 kips per in. yield values in good agreement with the test data (Fig. 9). 


Comparison with channel connectors 


A qualitative comparison between the behavior of channel and stud con- 
nectors can be made with the aid of the curves in Fig. 5, 6, and 10. Fig. 10 
shows slip and maximum strain data for a 6 in. long channel connector made 
of 4-in., 13.8-lb rolled steel channel; the curves were obtained from the test 
of a push-out specimen.* It may be seen that the load-slip and residual 
slip curves for the two types of connectors exhibit identical characteristics. 


In addition to load-slip characteristics, manner of tension crack formation 
in slabs of specimens which failed in the slab, appearance of connectors after 
failure, and effects of concrete strength also point out the similarity in be- 
havior of studs and channels. The behavior of a channel connector is char- 
acteristic of a flexible dowel® and, in view of the similarities mentioned, the 
behavior of a stud shear connector may be classified in the same category 


USEFUL LOAD CAPACITY OF STUD CONNECTORS 
Analytical expressions 
The function of a shear connector is to prevent slip between the concrete 
slab and the steel I-beams. However, tests of composite T-beams’:* have 


*Fig. 10 is taken from reference 8, Fig. 23, p. 47 
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Fig. 8—Comparison of spec- 
imens with different num- 
ber of 3/4-in. studs 
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Fig. 9—Effect of stud diameter on critical load 





STUD SHEAR CONNECTOR: 


hown that small amounts of slip, TABLE 5—CRITICAL LOADS* 


ich as those corresponding to elastic 
. Pp loac 
leformations ol mechanical connec- Stud — ad 


ws, cause practically no decrease in Pn A 
. . : : 4 d, in f psi 
he degree of composite action. Thus, 
: : : 1B2 0.500 3 
to insure good composite action a steel 3 
5B2 0.625 


shear connector must not yield and 
the adjacent concrete must not under- = . a 
go any appreciable inelastic deforma- sB2! 1.000 
TioOns. 1OB2) 1.250 

It has been shown in the discussion 
of the test data that only negligible in- {Measured loade seultiplied by 7087 
elastic deformations were observed in 
tests of stud connectors until the critical load was reached. Thus the critical 
loads represent the useful load capacity of a stud connector. Analytical 
expressions for critical loads may be determined with the aid of data obtained 
from tests of push-out specimens. 

Within the limits of these tests, critical loads for stud connectors are pro- 
portional to the square root of the concrete cylinder strength. Furthermore, 
the critical loads for stud connectors with diameters smaller than 1 in. are 
proportional to the square of the diameter and for stud connectors with 
diameters larger than 1 in. are proportional to the diameter of the stud. For 
f.’ = 4000 psi, constants of proportionality of 21 kips per sq in. and 20.0 
kips per in. yield good agreement with the test data. Accordingly, the critical 
loads may be expressed as follows: 

1000 


Ford < lin. Qa = 5.25 df,’ \ 


f! 


1000 


\ f’ 
where Q., = critical load, lb 


d = stud diameter, in. 


Ford2ilin. Q, =5 df. 


f.. = concrete strength, psi 
It may be noted from the earlier discussion of the test data that the critical 
loads for studs of small diameter [Eq. (1)| are governed by yielding of steel, 
whereas the critical loads for studs of large diameter [Eq. (2)] are governed 
by a limiting inelastical deformation of concrete chosen arbitrarily as a 
residual slip of 0.003 in. 


Limitations 

The applicability of Eq. (1) and (2) is limited by the extent of the sup- 
porting test data. Yield point of the steel, strength of concrete, diamete: 
and height of the stud, and spacing between the studs may reasonably be 
expected to affect the critical loads. Limits for each of these variables are 
discussed separately. 

Yield point of the stud steel was not determined for individual specimens, 
but ultimate strengths in conjunction with yield point for one specimen 
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Fig. 10—Test of a channel shear connector 





STUD SHEAR CONNECTOR 


dicate that the yield point of the steel in the studs ranged between 48,000 
nd 56,000 psi. Eq. (1) is believed to represent the load corresponding to 
rst yielding and it seems reasonable to expect that the load at first yielding 
vould increase with increasing yield point of the steel. Thus the use of 
Iq. (1) should be limited to studs of steel having a yield point of at least 
50,000 psi. The same limit should be applied to Eq. (2) since studs having 


lower yield point may begin to yield before the limiting residual slip of 


(.003 in. has been reached. 

Strength of concrete varied from 3190 to 4390 psi; its effect is included in 
iq. (1) and (2). The effect of concrete strength on load capacity of stud 
ennectors is approximately the same as the effect of concrete strength on 
oad capacity of channel shear connectors.'® Since the tests of channel con- 
nectors included concrete strengths varying from 1970 to 6320 psi, an extra- 
polation of the stud data beyond the range of concrete strengths encountered 
in the tests is believed to be warranted. A lower limit of f.. = 2500 psi and 
an upper limit of f.. = 5000 psi are suggested for Eq. (1) and (2). For 
coneretes with f.’ > 5000 psi Eq. (1) and (2) should yield safe values if f.’ 
= 5000 psi is substituted. 

Stud diameters ranged from !5 to 1!4 in. Eq. (1) was derived from tests 
of studs with diameter smaller than 1 in. Accordingly, it is applicable only 
to studs with d < 1 in.: no lower limit on diameter appears to be necessary. 
Eq. (2) was derived from tests of studs 1 and 1!4 in. diameter; it should not 
be applied outside these limits. 

All studs were 4 in. high so that no experimental evidence is available 
on the effects of stud height. However, it has been pointed out that a stud 
is a flexible dowel and it is well known that the load capacity of a dowel is 
either independent of or increases with its length. Thus Eq. (1) and (2 
are applicable to studs 4 in. high and higher. 

Push-out specimens with stud connectors spaced at 2 and 4 in. centet 
to center were tested. Since no effect of spacing on the stud capacity was 
observed and the 2 in. spacing represents a practical lower limit, Eq. (1 
and (2) may be applied without regard to spacing requirements 


DESIGN RECOMMENDATIONS 


Extensive tests of flexible channel shear connectors reported earlier’: 
included two types of specimens: push-out specimens and T-beams. Measure- 
ments of slip between the slab and the I-beam, and of strains on the surface 
of the shear connectors have shown that behavior of a channel shear connector 
in a composite T-beam is essentially the same as the behavior of similar connectors 
in a push-oult specimen. This finding permitted the application of results of 
tests of push-out specimens to the design of connectors for composite T- 
beams.!° 

Push-out specimens for the tests of stud shear connectors were in all 
important details identical with the push-out specimens utilized in the earliet 
tests of channel connectors. Furthermore, test results have shown that 
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behavior of the two types of connectors is similar. In view of these facts 
it seems reasonable to assume that behavior of stud connectors in a composite 
T-beam is essentially the same as in a push-out specimen. This assumptio 
permits the design of stud shear connectors for composite T-beams to be 
based on the results of the tests of push-out specimens. 


The tests of push-out specimens have shown that the useful capacity of 
a stud connector is equal to its critical load. Thus the full composite action 
will be retained only while the load transferred by one stud is smaller than thi 
critical load determined from Eq. (1) and (2). 
Design capacity of a stud connector may be computed from the critica! 
load: 
Qe 
FS. 
where Q,., is obtained from Eq. (1) and (2) and F. 8. designates the factor of 
safety. Magnitude of the factor of safety depends on the design require- 
ments for composite T-beams. Expressions for factors of safety which assure 
composite action at all levels of loading up to ultimate load may be found 
in a paper on the design of channel shear connectors.* 


Qics = 


No design of welds is required because the stud welding process always 
furnishes a weld having a minimum cross-sectional area equal to the cross 
section of the stud. However, it is necessary that the stee! of the I-beams 
be of weldable quality. 


CONCLUDING REMARKS 


Tests of round steel studs were made to determine “behavior and _ load 
carrying capacity of stud shear connectors. Studs of five diameters ranging 
from '% to 1'4 in. were tested in 12 push-out specimens. 

The tests have shown that a steel stud is suitable for use as a shear con- 
nector in composite concrete and steel construction. Behavior of a stud 
shear connector is similar to that of a flexible channel shear connector. Usefu 
load-carrying capacity of a stud connector is determined either by first yield- 
ing of the steel or by large inelastic deformations of concrete. The corres 
ponding ‘‘critical load’? may be computed from empirical equations presented 
in this report. 


If the critical load is exceeded, the stud connector permits large slip betwee! 
the steel beam and the concrete slab. It is recommended, therefore, that 
the design load for a stud shear connector be based on its critical load. 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Strain measurements on prestressed 
concrete bridge girders 


N. N. PurRANDARE, Proceedings 
neers (India), Bombay, No. 34 


Institution of Engi 
1954-55, pp. 67-90 
Strain measurements were made on two 
prestressed concrete bridges during and after 
prestressing but prior to application of live 
load. One bridge had 19 spans of 125 ft; 
each span was composed of four girders. 
The other bridge had seven spans of 148.5 ft 
with four girders per span. Two types of 
observations were made during prestressing: 
1) strain gage readings at different positions 
due to prestressing of a cable or group of 
cables; (2) visual 


deflections, separation of bottom flange from 


observations such as 


formwork, and cracking. 


Bridge over the Cubillas dam spillway 
(Puenta sobre el aliviadero del em- 
balse de Cubillas) 


C. Frernanpez Casapo, 
Madrid), V. 8, Nov. 


Informes de la Construccién 
1955, No. 562-19, 13 pp. 
Well illustrated description of the 
struction of a concrete arch bridge of 150-ft 
span in 
integrated 


con- 
which cast-in-place haunches are 


with precast arch segments 
Temporary hinges and a center joint facili- 
tated raising and placing the half-arch seg- 
ments which were supported at the 
by a temporary wood tower. The 
the first. of 


be used. 


center 
bridge is 


a series in which the system will 


Motorway through mountains: Genoa- 
Savona Autostrada 


Engineering (London), V. 180, No. 4688, Dec. 2, 
1955, pp. 757-759 
Mirsky 


Reviewed by Aron L 


Of especial interest is the centering for 


A part of copyrighted JouRNAL OF THE AMERICAN ConcreTE INSTITUTE 

Detroit 19, Mich. 
If it is followed by a foreign title the work reviewed is in that language. 
cannot conveniently be set in type or is not available, the language of the 
arenthesis following the English title. Copies of articles or books reviewed are not 
ublishers are listed in the June ‘ 
CI ean furnish addresses of publications added later. 


V. 52. Address 18263 W. MecNichols Rd., 
the book or article reviewed is in English. 

In those cases where the foreign title 
original article is indicated in 
available through ACI. Avai 


ble addresses of 
In most cases 


the reinforced concrete arch over the Lupara 


at Varazze. It consists of thin boards bent 
to the required radius and clamped, together 


to form a beam. For longer spans trusses 


are built of two or three of these beam 
sections plus wood diagonal mem 
the Varazze bridge, three 


used, each a two-decker 


bers. For 
such girders were 

Ability to check 
curvature before concreting, saving of ma- 


flash 
method, 


terials, and immunity to 


floods are 


advantages claimed for which is 


patented 
Construction 


Lift-slab job goes up six stories 
Engineering News-Record, V. 156, No. 5, Feb 
pp. 43-44 
Brief description of the plan of construction 
addition to the Litchfield 
Hospital, Winsted, Conn The 
briefly consists of a 


for a_ six-story 
County 

procedure two-stage 
lifting operation with steel columns spliced 


at the third floor 


Slip-forms > sare ening paving 
R. E. Lovpon, World Ci iction, V. 9, No. 1, Jar 


1956, pp. 29-33 


Special equipment fol lorming slope pave- 


ment is described together with design 


features of large capacity channel lining for 


paving placed on the channel and levee of 


the Los Angeles River in the metropolitan 


area 


Factory construction at Hemel Hemp- 
stead 


Prefabrication 
pp. 303-307 


London \ 2, No 


Two types ol standard unit 


called Mark I and II, 


speedy construction 


factory 
facilitated 
Mark I factories used 


buildings, 


V. 27, No. 8, Apr. 1956, Proceedings 
Where the English title only is given in a review 


‘Current Reviews" each year 


893 





894 
portal frame giving pitched roof 
outline. Frames were 38 ft 4% in. span 
and at 15-ft centers. Mark II frames (two 
40-ft bays) were spaced at 16 ft 8 in. centers. 
Each complete frame comprised 
five units: two external posts, a center ‘“T”’ 


precast 


two-bay 


post, and two frame-shaped rafter members. 
Both types of factories are readily extendable 
by provision of precast concrete temporary 
gable framing. 
treated briefly. 


end Design procedure is 


Church built from precast units 


Constructional Review 27, No. 11, Mar. 


1955, pp. 18-20 


Sydney), V. 


Precast reinforced parabolic arches span- 
ning 40 ft with a rise of 30 ft were fixed to 
cast-in-place strip footings. Hollow unrein- 
forced precast beams, 4 in. x 18 in. x 11 ft 
6 in., were laid between the arches leaving 
space for windows. Arches were tied together 
with three sets of wire ties stressed to a 41%-in. 
Total length was 98 ft. Both 
exterior and interior were shotcreted to pro- 


extension. 
vide a smooth surface. 


Colne houses on a municipal estate 
J. M. Besxine, Prefabrication (London), V. 2, No. 
17, Mar. 1955, pp. 207-209 

Seven man erection crew, using mobile 
equipment, erected 4144 to 5 precast houses 
per week. Houses are erected in pairs or 
blocks of four with passageways at intervals. 
Average weight of precast reinforced con- 
2500 Ib. Panels for party 
walls were 13 ft x 8 ft x 91% in. and weighed 
3500 lb. A block of 
main panels and beams. 
connecting columns, 
cast in place. 


crete units is 
four houses has 72 
Slab foundations, 
ring 


and beams are 


New auditorium of Hamburg opera 
house (Das neve Zuschaverhaus der 
Hamburgischer Staatsoper) 

WitHetm Bve_TMANN and ROBERT Tru, Beton- und 


Stahlbetonbau 
299-305 


(Berlin), V. 50, No. 12, Dee. 1955, 


Reviewed by Vaupis LApsins 


The auditorium of the Hamburg opera 
house was totally damaged during the last 
war, saving multimillion-dollar 
stage area. Best answer for the renovation of 
the opera house was determined to be the 
erection of a new auditorium. Limited 
space available, existing prominent features, 


only the 
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and requirements of modern building tren 
governed the design of the auditoriun 
The adopted plan and erection of the struct: 
with a seating capacity of 1649 is described 


New concept in hangars—cable sus- 
pended folded plate roof 
Engineering News-Record, V. 156, No. 4, Jan. 2 
1956, pp. 44-48 

Repair hangar for TWA at Kansas City, 
Mo., airport 160-ft cantilever 
folded plate concrete roof. Folded plate 
cantilever systems consisting of suspension 


employs a 


cable tension members and folded plate rein- 
forced concrete compression members extend 
160-ft on either side of a reinforced concrete 
anchor wall supported on two rows of columns 
Offices and administration space is provided 
in the center core. 


Technical College workshop block 
Prefabrication (London), V. 2, No. 3, Jan. 1955 
pp. 129-132 

A single-story building with shell roof on 
northlight frames covers a floor area of 312 
x 192 ft. 
directions. 


Columns are spaced 24 ft in both 
Building is divided 
sections by 12-ft corridors running the width 


into four 


of the building. Corridor roofs are flat pre- 
tubular rollers to 


Shell 


cast slabs which rest on 
allow for expansion and contraction. 
roof segments and frames are precast and 


post-tensioned by the Lee-McCall system 


Strand school, Tulse Hill 


Prefabrication (London), V. 2, No. 15, Jan. 1955 


pp. 108-112 
Precast concrete is featured in this nine- 


story school. Main features are spun con- 
crete precast hollow units used as formwork 
for columns, precast T-section floor slabs, 
and use of a collapsible cradle for handling 


and fixing floor slabs. 


Largest prefabricated concrete building 
completed in a year 
V. 2, No. 24, Oct. 1955 


Prefabrication (London), 


pp. 546-548 

Factory building, claimed to be largest of 
its kind in Britain, covers a 260 x 500-ft area 
It is composed of a central 67-ft bay with 
two 50-ft bays on each side with eave heights 
of 28 ft, and on one end a 34-ft bay with an 


eave height of 40 ft. Each bay is designed 
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traveling crane 
wall ele- 


o accommodate a 5-ton 
\ll structural framing and most 


nents are precast reinforced concrete. 


Rondavel housing in Kenya 


efabrication (London), V. 2, No. 5, Jan. 1955 


122-123 

Describes pill-box houses built for native 
living quarters. Resembling native rondavels, 
the 18-ft diameter “huts” are of monolithic 
oncrete with dome roofs 8 to 9 ft high. Floor 
irea is 270 sq ft. Units are constructed in 
one day. 


Dams 


Burrinjuck Dam—Strengthening and 
enlargement 
S. M. Munpay, Journal of Institution of Enjineers 


justralia (Sydney), V. 27, No. 6, June 1955, pp. 
133-146 


Excessive water movement through the 
wall producing leaching and need for greater 
reservoir capacity required a comprehensive 


Work 


included a raised crest with parapets 17 ft 


repair and enlargement program. 
above previous level (requiring addition of 
face of the 


enlargement of 


buttresses to the downstream 


concrete wall), spillways, 


cement grouted vertical cutoff zone near the 


upstream face of the dam, installation of 


inspection galleries, drainage grooves and 


holes in downstream face of dam, 


access 


bridges, and other works. 


Design 


Analysis of structures 


M. Smouira, Concrete Publications, Ltd 
1956, 170 pp., $4 


London 


Presents an analysis method ‘based on 
the actual deformations of elastic structures”’ 
similar to the slope-deflection method. The 
development of the method and its appli- 
cation are given for continuous beams and 
frames. 
with 


The most general cases of frames 
members and 
variable cross section or curved members and 
The method 
is exact mathematically and yet sets forth 
the equations in an easy-to-solve form. It 


curved members of 


Vierendeel trusses are treated. 


is made particularly necessary to visualize 
the deformed shape of the structure and the 
author suggests that this should be drawn 
with some exaggeration to derive properly 


the equations of equilibrium. The physical 


interpretation eliminates the necessity for 
sign conventions since moments and forces 
are assumed to act in directions necessary to 
gaps 
relaxation of the continuity at joints. 


close linear caused by 


The 


becomes 


angular or 


application to continuous beams 
somewhat more laborious than the commonly 
used moment distribution method. However, 
the method shows a definite advantage in its 
application to Vierendeel trusses. Structural 
designers should find the book well worth its 


The 


book is also well suited for use as a text book 


cost for the latter application only. 
in the instruction of indeterminate analysis 


Ultimate load design of eccentrically 
loaded reinforced concrete columns of 
rectangular cross section (in Hungarian) 
M. Rozsa, Magyar Epitéipar, V. 3, No. 7, 1954, pp 


292-299 
HUNGARIAN TECHNICAL ABSTRACTS 
V. 7. No. 2, 1955 


Depending on the acting force and its 
eccentricity the following cases can be dis- 
tinguished: (a) both the tensioned and the 
compressed side of the cross section is rein- 
forced; (b) reinforcement is applied on ten- 
sioned side only; (c) the reinforcement is 
under compression at either side; (d) only 
one side contains reinforcement under com- 


pression; (e) there is no (calculated) rein- 


forcement. The cross-sectional area of the 
reinforcement under compression and tension, 
respectively, is given by different formulas in 
each of the 
read directly from a diagram. 


above cases but can also be 
A single pro- 
cedure is described for determining the most 
economical cross-sectional area of reinforce- 


ment for compressive forces of various 


magnitude and eccentricity. 


Grid floor as an orthotropic plate 

K. C. Ray, The Indian Concrete Journal 

V. 29, No. 11, Nov. 1955, pp. 371-375 
AvuTHuor’s SUMMARY 


Bombay), 


Problems are met with in practice where 
large areas are required to be covered in a 
manner so as not to encroach substantially 
upon the headroom. The roof is also re- 
quired to be flat. The natural solution to 
such a problem is to use a number of beams 
to reduce the depth. Instead of having an 


uni-directional beam disposition, a_ bi-di- 
rectional arrangement would further distri- 
bute the load in the units. 


grid 


Such an arrange- 


ment is known as a system. This 
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problem, with rigid joints at the junctions, 
is an indeterminate one and, for solution of 
individual members separately, would call 
for an elaborate mathematical treatment on 
energy or some other methods. 

The solution here has been hinted at by 
Timoshenko in his book Theory of Plates and 
Shells. 
an orthotropic plate, when the beams are 


The treatment of a grid system as 


As an extension of 
the idea contained in Timoshenko’s book, a 
diagrid system has also been worked out. 


close enough, is rational. 


Proposed design of axially loaded 
reinforced concrete columns (Berech- 
nungsvorschlag fuer mittig gedrueckte 
Stahlbetonsaeulen) 


Aurrep Hapen, Beton- und Stahlbetonbau 
V. 50, No. 11, Nov. 1955, pp. 275-27 
Reviewed by Vaupis Lapsins 


(Berlin) 


The basic principles of the proposed design 
New 


theories have advanced to support modifi- 


are similar to the ones now in use. 


cations of present values of column design 
constants. 


Stress analysis and design of columns: 


A general solution to the compression 
member problem 


H. K. 
Board, V. 34, 


STEPHENSON, Proceedings, Highway Research 
1955, pp. 90-127 

Develops a theory for analyzing stresses 
in a member with restrained and 
centrally applied end loads which may also 


ends 


be subjected to certain superimposed angular 
end mathematical 
solution to the general compression member 
problem. 


rotations. Develops a 
The general solution is based on 
the fundamental concept that some degree 
of initial crookedness in the axis of a com- 
pression member is inherent. The method 
presented for analyzing stresses results in a 
general solution covering any degree of initial 
curvature or crookedness and also allowing 
for the stress effects resulting from all pos- 
sible conditions of end loading. 


Rigid frame failure 
E. Couen, Civil Engineering, V. 26, No. 2, Feb. 1956, 
pp. 45-50 

Reports on the investigation into the causes 
of failures in reinforced concrete rigid frames 
used in one-story warehouses, built on stand- 
ard designs under the Corps of Engineers. 
Includes essential data on the design and 


April 195¢ 


construction; results of tests on materials 
description of the failures; and description 
of the repair measures for those structures 
which indicate Concludes 
the recommendations for redesign of new 
construction as recommendation 
which were presented as proposed revisions 
to the ACI Building Code. 


distress. with 


well as 


Design of rectangular reinforced 
concrete columns 
A. 8. Hatui, Commonwealth Engineer (Melbourne 
V. 42, No. 11, June 1955, pp. 432-438 
AUTHOR'S SUMMARY 

Six graphs are presented for direct solution 
of problems concerning compression 
bending 
presented. 


with 


about one axis. Examples ar 


Creep and shrinkage in statically inde- 
terminate concrete structures with 
bearing parts of steel (in German) 
G. Nrrstoras, Ingenieur-Archiv (Berlin), V. 22, No 
5, 1954, pp. 323-335 
APPLIED MecHaANics Reviews 
Feb. 1956 (Gross) 
Influence of creep and shrinkage upon 
properties of structures containing bearing 
parts of steel and concrete can always be 
calculated with the aid of a system of first- 
differential 
based on ‘‘creep integral’ developed from a 
formula by F. Dischinger (Bauingenieur, V 
20, 1939, p. 54) for the “free’’ deformation 
of concrete. (A deformation is ‘‘free’’ if it 
does not produce a reaction.) 


order equations. Solution is 


Statics of flat gridwork systems 
(in Polish) 
W. Nowacki, Rozprawy Inzynierskie (Warsaw), 1954 
pp. 143-187 
Apptigep Mecuanics Reviews 
Feb. 1956 (Leser 
Author defines a flat gridwork system to 
be a flat system of frames loaded by forces 
perpendicular to the plane of the system 
and/or by moments whose vectors lie in th 
As a rule, 
structure is statically indeterminate and the 
most suitable method to solve it is the 
deformations method which is used by the 
author. 


plane of the system. such a 


He outlines a solution procedure in 
a general case, analyzes in more detail the 
case of curved and broken-line bars, solves 
special cases of gridwork systems common in 
building practice, and presents a theory of 
gridwork systems on elastic foundations. 
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Results on shells of translation 

Csonxa, Acta Technica, Academiae Scientiarum 
fungaricae, Budapest, V. 10, No. 1-2, 1955, pp. 59-71 

APPLIED Mecuanics Revirws 
Mar. 1956 

Analysis of shells with translation surfaces 
yver rectangular bases; the form and loading 
if the shells are symmetrical relative to two 
vertical planes normal to each other. 
that the 
shells can be greatly simplified by an adequate 


Paper 


demonstrates calculation of such 


choice of the shape of the shell. Calculation 
is especially simplified if the specific loading 
of the shell referred to the unit area of the 
base is constant or quadratically increasing 
with the distance from the planes of sym- 
Formulas elaborated for such 


metry. are 


cases. In conclusion, a numerical example 
is given verifying the expediency and simple 
application of the method. 


Designing of reinforced concrete struc- 
tures on the basis of predetermined 
width of cracks (in Hungarian) 


F. Szere, Mélyépitéstudomdnyi Szemle, V. 4, 
7-8, 1954, pp. 371-380 
HUNGARIAN TECHNICAL ABSTRACTS 


2, 1955 


No 


4, sNOe 


teinforced concrete structures designed so 
as to permit the formation of cracks of pre- 
determined width are more economical and 
practical than those designed to be crack- 
free. According to the design formula sug- 
gested for reinforced concrete railway bridges, 
the allowable stress in the reinforcing steel is 
directly proportional to the amount and in- 
versely proportional to the diameter of the 
bars, directly proportional to the square of 
the cross-sectional area of the reinforcement, 
and independent (with good approximation) 
of the depth of the girder. This 
makes it practical to design girders of reduced 
depth which is economical primarily in the 
case of railway bridges. 


formula 


Criteria of stiffness of plane and 
spatial systems (in Russian) 


V. P. Spopyrev, Inzhenernti Sbornik Akademii 


oC Nauk 
SSSR, V. 15, 1953, pp. 187-190 

Apptiep Mecnanics Reviews 

Feb. 1956 (Goldberg 

The distribution of stresses in a framed 

structure is 


redundant 


determinate if there 
constraints. The addition of 
constraints makes the structure stiffer. This 
paper defines a criterion of stiffness in terms 


rhis 


are no 


of the number of excessive constraints 
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is expressed directly in terms of the types and 
the numbers of 


Another expression of his criterion is in terms 


members and connections 
of the number of elementary regions in the 
graph of the the 
number of Examples 
both 


structure and reduced 


intersections are 


given as illustrations for plane and 


spatial structures. 


Problems in three-dimensional elas- 
ticity: Lagrange’s equation and rec- 
tangular plates (Problemes d’elasticite 
a trois dimensions—t’equation de 
Lagrange et les plaques rectangulaires) 
Lovis Bonneau, Annales des Ponts 


Paris), V. 125, No. 4. July-Aug. 1955, pp 
Reviewed by Aron I 


Chaussees 
{03-437 
Mirsky 
three 
all 
all edges 


Rectangular 
(isolated 


plates supported in 


ways supports, clamped on 
edges, and simply 


The 


stresses is also investigated 


supported on 


are analyzed influence of tangential 


Materials 


Buoyancy meter for rapidly estimating 
the moisture content of concrete ag- 
gregates 

R. H. H. Kirxuam, ( 


Works Review (London), \ 
pp. 979-980 


ing and Pub 
591 1955 


Enginee 
50, No 


sept 


Reviewed by James MICHALOS 


that 
the accurate and rapid determination of the 


A buoyancy meter makes possible 
moisture content of concrete aggregates has 
been developed at the Road Research Labo- 
ratory in England. The moisture content of 
a sample of known specific gravity is deter- 
mined from the loss of weight when the sample 
The 


size of the sample is adjusted according to 


is weighed while immersed in water 


its specific gravity so that a saturated, surface- 
dry sample of this size has a standard weight 
The the 
meter can be calibrated so that the moisture 


when immersed balance arm of 
content of a wet sample can be read directly 
as a percentage of the standard wet weight, 


when immersed 


Further tests on materials for light- 


weight structural concrete 


F. A. Buakey and R. D. Hiut 
(Sydney), V. 28, No. 5, Sept 


tional Revieu 
19-26 


Conatruc 


1955, pp 


Describes tests on lightweight structural 


concrete to determine suitability of expanded 


aggregates made from local sh: le and clay 
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Investigations on fly ashes as pozzo- 
lanic admixture (in Japanese) 
M. Yosuixosui, Transactions, Japan Society of Civil 
Engineers (Tokyo), No. 31, Nov. 1955. 62 pp. 
AUTHOR'S SUMMARY 
feport on a series of studies of fly ash as 
a concrete admixture. The effect on proper- 
ties of concrete and test methods are discussed 
in detail. 


New results in pulverizing (Neve 
Ergebnisse der Feinzerkleinerung) 


VDI Zeitschrift (Diisseldorf), V. 97, 
1955. pp. 1009-1011 
Reviewed by Aron L. Mirsky 


S. KressKAcrt, 
No. 29, Oct. 11, 


Tests with a model ball mill showed that, 
for brittle materials like cement clinker, the 
energy absorption varies as the square of 
the specific surface of the raw material. 


Activation of pozzolans by treatment 
with acid 
K. M. ALexanper, Australian Journal of Applied 
Science (Melbourne), V. 6, No. 3, Sept. 1955, pp. 
327-334 

Reactivity of pozzolans can be greatly 


increased, particularly at early 


treatment with acid. 


ages, by 
Activation appears to 
silica and 
The 


treatment can be applied to pozzolans which 


be due to formation of “‘reactive’’ 
not to any increase in surface area. 
Owe their activity to either glassy volcanic 
is concluded that the 
process is a more effective method of 
(with suitable materials) than 
either fine grinding or the addition of sodium 


material or opal. It 
acid 
activation 


hydroxide to the mixing water. 


Limitations of the pozzolan-lime 
mortar strength test as a method of 
comparing pozzolanic activity 


K. M. Avexanper and J 
Journal of Applied Science 
Sept. 1955, pp. 334-344 


Warpiaw, Australian 
Melbourne). V. 6, No. 3, 


A quantitative comparison of reactivity 
for pozzolans cannot be determined by com- 
pressive strength or modulus of rupture tests 
on lime mortars cured under fixed conditions 
since the apparent value of the pozzolan 
varies with curing conditions, type of test, 
pozzolan percentage, and age. In particular, 
such comparison should not be based upon 
specimens which have been cured at elevated 
temperatures. It is concluded that the value 
of any pozzolan cannot be completely known 
until it has been tested as an ingredient of the 
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actual concrete mix in which it will be used 
and under the actual conditions of exposur 
It is suggested that a more significant com- 
parison would result if the results were based 
on the weighted mean of more than one forn 
of test, determined from specimens cured 
different manners. 


Observations on the Blaine method 
for determining fineness and on the 
relationship between surface area and 
pozzolanic reactivity 

K. M. ALexanpeER, Australian Journal of Appl 


Science (Melbourne), V. 6, No. 3, Sept. 1955 
316-326 


PI 


The Blaine air-permeability method for 
determining surface fineness is studied over 
a fineness range of 2000 to 65,000 sq cm 
per g. 
meability surface of ball-milled material can 
vary greatly when the determinations ar 


It is shown that estimates of per- 


made at constant porosity. If allowance is 


made for uniformity of 


texture and for molecular flow through th« 


changes in pore 
plug, permeability surfaces as high as 30,000 
to 40,000 sq em per g can be determined b 
this method. The effect of fine grinding on 
the reactivity of a pozzolan is investigated 
The possibility of activating pozzolans by 
this method is not encouraging. 


Nonaqueous process for portland 
cement manufacture 

J.C. Wirt, Preprint No. 55-SA-26, American Society 
of Mechanical Engineers, 1955, 8 pp. 

Paper is concerned mainly with the appli- 
cation of the process to the preparation of 
raw mix and kiln operations. Technique is 
similar to wet process manufacture of cement 
except that 
distillate. 


liquid used is a_ petroleum 


Improved sulfate soundness test for 
aggregates 
D. O. Wourr, Public Roads, V. 


1956, pp. 271-277 


28, No. 12, Feb 


that the standard methods 
of test for the soundness of aggregate bi 
used “‘ 


rejection of 


Recommends 


for the acceptance but not the 
aggregates.” Minor 
cations of the standard test are suggested 


modifi 


the sample tested be restricted to one siz 
of coarse or fine aggregate, the drying oven 
meet requirements for performance, the loss 


for coarse aggregate be determined with 
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eves having openings one-half the size of 
hose in the original retaining sieves, and 
hat certain other minor changes be made. 
lata are presented to show that these changes 
vould resuit in better 
iboratories conducting 


agreement between 


check 


reliable appraisal 


tests and 
thereby permitting more 


the soundness of material under test. 


Pavements 


Massive three-layer runway built for 
English airfield 


World Construction, V. 8, No. 6 
16-48 


Nov.-Dec 


1955 
The method of construction for a 26-in. 
thick runway slab in England is peculiar in 
that a 6 in. thick lean concrete working sur- 
face was placed first; followed by the “main 


load-bearing slab,’’ a 12-in. layer of medium 


a 
quality concrete (3300 psi); and completed 


by an 8 in. thick final top layer as a wearing 
surface of high quality concrete (4000 psi). 
each being 


The layers were not bonded, 


cured by spraying with a membrane curing 


compound. 


Foundations for concrete roads 
D. J. Maciean, Constructional Engineering (Sydney 
V. 27, No. 11, Mar. 1955, pp. 21-29 

AvTHor’s SUMMARY 


Describes practical measures author feels 


should be adopted by road engineers in 


initial preparation and for subsequent pro- 
tection of roads 


foundations of concrete 


Discusses: (1) selection of suitable soils for 


embankments and materials for bases, (2) 


compaction of soils and materials, and (3 
control of moisture content in the soils and 


materials. 


Experimental dowel installations in 
New Jersey 


W. Van Breemen, Proceedings 
Board, V. 34, 1955, pp. 8-33 


Highway Research 

Reports on the behavior of a number of 
experimental dowels installed in 1946 
Various 


and 
1947 in highway expansion joints. 
and 
employed for 


coatings protective treatments wer 


The 


necessity for the research was the develop- 


comparison purposes. 
ment of numerous joint failures due to cor- 
rosion and resulting seizure of the dowels at 
expansion joints in pavements about 8 years 


old. The results of the investigations show 


899 


that (1) 
dowels 


nearly all joints with 


with 


ordinary 


and those galvanized dowels 


have undergone a progressive reduction in 


effectiveness as indicated by a progressive 


reduction in joint opening. (2) Intermediate 
joints employing dowels encased in Monel 
metal are apparently functioning properly 
Where the Monel protected dowels were used 
at joints intermediate between joints using 
ordinary dowels, all the movement is now 
occurring at those with the rustproof dowels 
(3) It was found that ordinary steel dowels 
rusted regardless of the coating employed 
to protect them. (4) Hot-dipped galvanizing 
delayed but did not prevent rusting. It is 
that all the 


practically worthless 5) It 


concluded various protective 
coatings are 
was found that the use of Monel or stainless 
steel dowels would result in an increase of 
$6000 per mile of divided highway consisting 
12-ft thick 
concrete whose total cost was about $190,000 
It is felt that 


failures caused by deficiencies in joint design 


of four lanes of 9-in reinforced 


the elimination of numerous 


would warrant the use of ‘‘first class joint 


devices’’ and that the increase in cost is fully 


justified 


Continuous reinforcement in concrete 
pavements 

H. D. Casuevt and W. FE. Teske, Proceeding 

way Research Board, V. 34, 1955, pp. 34-5¢ 

a reinforced 
Stilesville, Ind.., 
containing a number of experimental sections 
The 


that sections of 


Report on the performance of 
concrete pavement neal 
ranging in length from 20 to 1310 ft 
principal conclusions are (1 
any length can be reinforced with continuous 
longitudinal steel which will effectively main- 
tain all transverse cracks tightly closed with- 
that 


reinforced 


out adverse effect on the concrete; (2 
the length of a continuously 
section containing adequate steel affects the 
cracks; (3) that the 
rate of crack development and frequency will 
little effect 
adequately reinforced sections; (4 


pattern ol transverse 


have upon the service life of 
that such 
cracks will gradually increase in width due to 
that 


this condition will not impair the durability 


raveling under weather and traffic but 


of concrete and will require little maintenance 
(5) that cracks in pavement with adequate 
highly re- 


continuous reinforcement will be 


sistant to pumping, practically free of fault- 
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ing, and will seldom develop surface rough- 
ness; (6) that pumping action may occur at 
the longitudinal free edge of such continu- 
ously reinforced pavements; (7) that longi- 
tudinal reinforcement heavier than wire fabric 
of 91 lb per 100 sq ft is required if shear bars 
are omitted at weakened-plane joints and if 
shear bars are included, a lesser amount of 
reinforcement will serve; (8) that elimination 
of expansion joints and consequent mini- 
mizing of progressive opening of the weak- 
ened-plane joints would be advantageous to 
pavements of this design. 


Nondestructive 
pavements 


G. R. Kozan, Proceedings, Highway Research Board, 
V. 34, 1955, pp. 368-378 


testing of concrete 


Reports research on rigid pavements by 
the Corps of Engineers using the electronic 
interval timer as a nondestructive means of 
The timer 
was used on test beams and its reading cali- 
brated by comparison to results by the con- 
ventional technique. These comparisons 
The validity of a general cor- 
relation between dynamic modulus of elas- 
ticity and flexural strength of concrete is 
reviewed briefly. It is concluded that (1) 
the electronic interval timer is capable of 
providing results of practical utility for 
pavement evaluation; (2) accuracy of flexural 
strength determinations is well within the 
accuracy of a suggested correlation between 
dynamic modulus and flexural strength, and 
(3) further investigation of the utility of 
nondestructive testing is warranted before 
its full potential or specific limitations can 
be established. 


determining flexural strength. 


are given. 


Application of models to design 
studies of concrete airfield pavements 
F. M. Mewuincer amd P. F. Carvton, Proceedings, 
Highway Research Board, V. 34, 1955, pp. 57-64 

Reports one phase of a Corps of Engineers 
investigation program on rigid pavements 
for airfields. The model techniques described 
are the result of development and application 
over the past 12 years. The paper specifi- 
cally deals with the details of the design and 
construction of typical models, as well as a 
description of the test equipment and pro- 
cedures used. Curves relating pavement 
thickness requirements to wheel 
are given. 


loadings 
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Effect of pozzolans added to sand- 
gravel concrete pavement 
R. L. Perron, W. M. Srinevey, and R. C. Mere; 
Proceedings, Highway Research Board, V. 34, 195 
pp. 301-320 

Reports observations made and data a 
cumulated on a 6-mile experimental pavement 
constructed in 1949 in Different 
sections constructed using variou 
pozzolans as a replacement for equal amounts 
of portland cement and control sections wit! 
no additions to determine the effect of th 
pozzolans inhibiting abnormal expansion in 


Kansas. 
were 


concrete due to cement-aggregate reaction 
Three pozzolanic materials were investigated, 
none of which were effective in inhibiting 
map cracking in sand-gravel concrete on a 
scale comparable to the crushed limeston 
used as a standard procedure in Kansas 
Air entrainment was found to increase map 
cracking on this project, contradicting labo- 
ratory results which had indicated that 
entrained air improved all classes of concrets 
except those employing fly ash. It is noted 
that the average flexural strength of all test 
beams made on the project has been de- 
The fly ash 
pozzolan has the best record in this respect 
It is noted that data on this project are in 


creasing since the second year. 


some respects contradictory when secured by 
the three methods of examination: laborator) 
exposures and test, field exposure and obser- 
vation under traffic, and field exposure and 
observation without traffic. No final 
clusions are drawn but it is thought that the 
optimum combination, which would include 
limestone and fly ash with the sand-gravel 
aggregate, will produce 
crete for highway pavements at the lowest 
cost. 


con- 


a satisfactory con- 


Pavement research, design, and pre- 
stressed concrete 


Se 2 
Board, V. 34, 1955, pp. 65-84 


Fripera, Proceedings, Highway Research 


A study based on the posstbility of im- 
proved concrete pavements through the 
utilization of prestressed concrete structural 
designs. Pavement 
stress conditions based on a survey of pave- 
ment 1935 are 
Approximate stress prognostications for pre- 
stressed slabs 400 to 800 ft long are suggested 
Employing longitudinal prestress of 300 psi, 


stresses and combined 


research since considered 
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-in. slabs, and lengths up to 600 ft, the 
tudy indicates substantial improvement over 
hicker 


st estimates indicate that such prestressed 


conventional slabs. ( ‘omparat ive 


onstruction would cost substantially the 


ume as conventional slabs of 9-in. thicknesses 


Precast concrete 


Holst prefabricated system of con- 
struction 


Prefabrication (London), V. 2, No. 22, Oct. 1955 
p. 537-539 


All exterior and interior walls are precast, 


Walls are self- 
supporting, and all floor slabs are 


story-high concrete units. 
cast in 
standard casings without scaffolding. 


Intergrid system of school construction 


Prefabrication (London), V. 2, No. 22, Aug 


pp. 448-454 


1955 


Worthing Secondary Technical School used 
the “Intergrid’’ system. System uses precast 


prestressed concrete components through- 


out, including beams, slabs, and cladding 
Only the stairwells were cast-in-place, but 
a precast system has since been developed 
Kach unit is described. 


Actual problems in manufacturing slab 
elements (especially conrcete) 
(in Rumanian) 


C. Ionescu 
te 


Industria Constructiilor si a Materialelo 
Bucharest), No. 1. Jan. 1955, pp. 28-43 
Reviewed by J. J. PotrvKa 


Constructii 


Precast slab elements are described and 


their various properties and requirements 


discussed, including strength, thermal and 


acoustical insulation, waterproofing, mass 
production in modular sizes, assembly, and 
connections. Advantages of various types 
of concrete are summarized, covering high- 
strength, lightweight, cellular, and prestressed 
concrete, especially on the basis of tests and 
studies by the Russian Academy of Archi- 
tecture (Vojenski, Matarov). 


is devoted to the sizes and arrangement of 


Special study 


prefabricated slab elements, emphasizing the 
advantages of two-way arrangement, and 
assembly of slab elements in such a way that 
the advantages of continuity can be attained 


in certain degree. Stress analysis under 


elastic and plastic conditions is presented 


with reference to research of Scramtaev. 


Bending moments under various supports 


along the periphery are de rived and presented 
uniform and 


graphically, both under con- 


centrated loads. Special chapter is devoted 
to precast slab elements spanning between 
with reference to in- 


portals and frames, 


vestigations made by Niculescu 


Characteristic problems in design and 
erection of prefabricated structures in 
reinforced concrete (in Rumanian) 


Industria Constructiilor si a Materialelor 
Bucharest No. 1. Jan. 1955, py 


M. HAaNGAN 
de Constructii 


19-27 


teviewed by J. J. PouirvKa 


Various types ol precast reinforced con- 


described and com- 
steel 


crete roof structures are 


pared with similar structures, with 


emphasis ol differences in design, assembly, 
and erection, and possible alternatives, con- 
sidering the economy. Various combinations 
of hinged girders and trusses are discussed 
and connections of members described, em- 


phasizing the advantages of welding rein- 


forcing bars. Types of roof girders are pre- 


sented which permit good daylight illumi- 


Modular 
typical dimension being 3 m 
10 ft 


nation. design is recommended, 


(approximately 


Small standardized stations built of 
precast concrete panels 


Railway Age, V. 139, No. 20, Nov. 14, 1955, pp. 55-57 


Reviewed by Aron L. Mirsky 


x 24 it 
panels have been erected by the 
Railroad flat, 
entrained with 


Two small (17 stations of precast 


W abash 


Panels are cast using alr- 


concrete made expanded- 


shale aggregate erection station 


has only been 8 hr 


time per 
Advantages cited include 


permanence and over-all economy 


Building with exposed concrete pre- 
fabricated units 


toperRT M. Fusser, Prefabrication (London), V. 2 
No. 22, Oct. 1955, pp. 540 


542 


Describes several German buildings on 


which precast units with special surfaces 


were used 


Bison frame construction 


Prefabrication London \ 3 No. 27. Jan. 1956 


pp. 124-128 
All component units of the Bison system 


of precast prestressed concrete tIrames are 
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factory-produced including single- or multi- 
story columns, 
planks. 
haunches or column heads. 


slabs or 
without 
Rigid joints are 
accomplished by utilizing grout and cast-in- 


beams, and floor 


The columns are uniform 


place concrete. The examples pictured are 


principally two-, three-, and four-story 


school buildings. Rapid erection and com- 


petitive prices are claimed for this system. 


Mass produced housing in Italy 


F. ANTONELLO, Prefabrication (London), V. 2, No. 


20, June 1955, pp. 353-358 

Basic element of precast system for houses 
is either hollow triangular and/or rectangular 
unit similar to filler block; the length is 
varied to fit needs. The elements are cast 
in special hinged concrete molds with steam- 
heated walls to 
Manufacturing 
covered. 


accelerate concrete set. 


and erection details are 


Prestressed concrete 


Function of grouting and anchorages 
in the behavior of prestressed elements 
Works 
London), V. 50, No. 592, Oct. 1955, p. 1131 
Highway Researcu ApsTRACctTs 

Jan. 1956 


B. Ketorpuv, Civil Engineering and Public 
Review f J 


The main purposes of grouting post- 
tensioned prestressed concrete members are 
to: (1) protect the prestressing steel against 
and (2) increase the ultimate 
strength of the member by efficiently bonding 
the steel to the concrete. 


corrosion 


Heat-treated steel should be grouted with 
particular care. In such steel there exists a 
danger of intercrystalline corrosion, and it is 
more susceptible to ordinary corrosion than 
cold-drawn steel. 
other 


When calcium chloride or 
chemicals are 
grouting, particular attention should be 
paid to the additional danger 
caused by them when used in too high a 
concentration. 

Some 


used in cold-weather 


corrosion 


tests were conducted at Leeds 


University, where the 
grouting 
beams prestressed by a 


efficiency of the 

under-reinforced 
12-wire cable of 
5-mm wires, using the theoretical steel stress 
at failure as an index. The stress ratio ranged 
from 70 percent for unbonded steel to nearly 
100 percent for fully bonded steel in pre- 
tensioned For grouted ducts, the 


was tested on 


beams. 
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ratio varied between 80 and 95 perce: 


depending on the smoothness of the duct 
Similar tests were carried out on beam 
22.2-mm diameter alloy 


a 31.7-mm diameter steel duct 


prestressed by a 
steel bar in 
The stress ratio for an unbonded bar wa 
70 percent, and it was 75 to 80 percent for 
a post-tensioned grouted bar in a corrugated 
steel duct or a duct formed in the concret: 
The ratio for the equivalent pre-tensioned 
beam was 85 percent. 
In general, the 


water-to-cement ratio 


should be as low as possible and preferably 


not exceed 0.55. Special caution should b« 
winter grouting; 


cement can be used, but heating up to 30 C 


observed in aluminous 
soon after setting is dangerous, as this ma) 
impair the strength of such grout. 


Prestressed concrete congress at 
Amsterdam 1955 


Special issue of Cement (Amsterdam) with articles 
in Dutch, English, German, and French on the occa 
sion of the second congress of the Fédération Inter 
nationale de la Précontrainte, No. 7-8, Nov. 1955 
Reviewed by Joun W. T. Van Er 

Contains 21 articles about various appli- 
cations of prestressed concrete, such as 
bridges, industrial structures, and apartment 
buildings, all built recently in the Nether- 
lands, thereby giving an excellent picture ol 
the latest developments.. Some of the articles 
are: 

History of 
begins with patents applied for in 1928 by 
Freyssinet and Seailles which embodied the 
Work of 
prominent pioneers as Magnel, Dischinger 


Guyon, Hoyer, and 


prestressed concrete (p. 55 


use of high-strength steel. sucl 


others. is evaluated 
leading up to a survey of present practice 

Bridge over the Amstel, Amsterdam (p. 14), 
is continuous over three spans, the largest 
185 ft. The T-beams of a total 
length of 410 ft were prefabricated in fiv: 
and 


arched 


sections erected by floating derrick 
After diaphragms were cast and prestressed 
continuity cables were tensioned. Stresses 
in these cables were measured by a pressuré 
(with gages ) 


tensioning jacks and concrete 


box strain inserted between 

Klaprozen Bridge, Amsterdam (p. 33), is a 
bascule bridge with an approach span con- 
tinuous over five spans and total continuous 
length of 330 ft. 


tinuous by straight cables laid in grooves in 


T-beams were made con- 
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he top of the T-beams which proved to be 
ne of the most simple and successful ways of 


stablishing continuity. Advantage is the 


ibsence of many expansion joints in the 


widge deck, which used to be a perpetual 


ource of trouble. Load tests were made on 


full scale T-beam continuous over two 


(p. 61). 
noments proved to be exactly according to 


spans During the elastic phase, 
elastic theory and ultimate load was within 


} percent of the value calculated by limit 
lesign methods. 
Doenkade, Rotterdam (p. 28), is 


ontinuous over four spans, the largest 56 ft 


Viaduct 


The most economical design proved to be a 


continuous slab built up of prefabricated 


pre-tensioned inverted T-beams. Continuity 
was obtained by placing 21-ft pre-tensioned 
beams the inverted T-beams 


junction over 


at the supports. A concrete fill cast in place 
united inverted T-beams and junction beams 
Most of the dead 


the simple span 


into a continuous slab. 


load is therefore taken by 


inverted T-beams, while the continuous 


structure takes live load and some of the dead 
Lateral prestressing was 


load (concrete fill). 


done immediately after inverted T-beams 
were placed and before fill was placed 
Prestressed shells for a factory, Oosterhout 
(p. 18), have a span of 40 ft and are 131 ft 
long. Thickness is 234 in 


creases toward the edges (anchorages 


minimum and in- 
Trans- 
verse ribs at 12-ft centers were necessary for 
thin shell at this 
Shells are insulated and border 


buckling strength of the 
great length. 
on double glazed skylights to minimize heat 
losses. 

Shell roofs for dairy at Hilversum (p. 41 
are also prestressed by post-tensioned draped 
Thickness 


edges is maintained accurately by 


cables. increasing toward the 
means ol 
closely spaced screeds tied to the forms. 
Supporting structure for overhead pipeline 
p. 88) consists of girders supported by frame 
portals at about 55-ft centers. Concrete was 


selected because it was about 30 percent 
cheaper in initial cost than structural steel 
Pipes were supported on steel cross beams 
fixed to the prestressed concrete girders by 
copper inserts. The girders were tied to- 
gether into lengths of about 250 ft without 
making them fully continuous. 

Many 


concrete 


other applications of prestressed 


are described such as pipe, tanks, 


floor 
prefabricated 


“Shockcrete.”’ 


units for apartment houses, and other 


like 


cross-sectional 


units those made of 
The 
sions of these units can be so small 
2 that like 


2 in 
being made of it 


dimen- 
less than 
window and 


items Irames 


sash are 


Pipe process used to make prestressed 
floor system 


R. L. Peck, Pit 
pp. 167-170 


and Qua 


Precast units for a prestressed concrets 


floor and roof system are produced by a 


pipe 
The basic units are hollow, 4 ft long, approxi- 


packerhead tvpe ot concrete machine 


mately rectangular In cross section, and 


contain grooves to accommodate the pi 


The 


ground, then butted unde pressure, end-to- 


stressing rods. ends of the units are 


to form a continuous narrow slab of the 
Installed adjacent to 


end, 
required span each 
they 
low dead weight and high live load capacity 
The 


described, a live 


other, form a hollow-core flat slab of 


for any building use processes em- 


load 


manutlacturing 


ployed are chart is 
and the 


erection illustrated 


shown, and 


process 


Design of prestressed concrete tanks 

and pipes 

Henry J. Cowan. Cor . 
27, No. 12, Apr. 1955, pp 


Sydney 


Discusses prestressing of circular tanks and 
pipes and gives examples kffect of shot- 


stress distribution is presented 


crete on 
Tanks 


cables, pre-tensioned pipes, design ol longi- 


prestressed with circular hoops OF 


wound 


prestressed tanks, and design of longitudinal 


tudinal cables in circumferentially 


cables for prestressed pipes are included 


Comparative tests of bond in pre- 
stressed concrete 


F. L. Buakey, Constru 
No. 2, June 1955, pp. 20 


Sydney 
Presents results of tests of plain and de- 
Wires 


deformed 


were all 
had 


Specimens were mace 


formed prestressing wires 


0.2-in. diameter and wires 


0.004-in 
from six 


indentations 
different 
were cured by one of 
Pull-out 
and 


mixes. Some from each 


mix three methods 


steam, evlinders, 


2x2x 


log, o1 an 


12-in. beams, 27%%-in. square 


cubes were made to determine bond, modulus 


of rupture and shrinkage, and compressive 
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concludes 
deformed 


Author 
that 
Results showed good 


respectively. 
doubt 
provide better bond. 


strength, 
that no exists wires 
correlation between compressive strength and 
bond for a given curing process; this does not 
hold for different curing processes. 


Prestressed spiral stairway 


Constructional Review (Sydney), V. 28, No. 3, July 


1955, pp. 18-21 
Stairs are precast reinforced concrete units 


cantilevered from central, wedge-shaped 
“spine’’ beams. Central beams spiral between 
floors, are cast-in-place, and prestressed by 
the Freyssinet system. Beams are not true 
circular spirals but are composed of three 


circular sectors each having its own center. 


Defining the shape of continuous pre- 
stressed beams with straight cable 
alignment (in Polish) 


S. KaurMan, 
No. 4, 


Inzynieria i Budownictwo (Warsaw 


1954, pp. 118-122 
Po.risnh TEcHNICAL ABSTRACTS 
No. 2, 1955 
Excitation moments occurring in hyper- 
static stressed certain in- 
stances, reach a figure considerably in excess 
A cable 
carried so as to be in perfect alignment with 
the line of 


moments equal to zero. 


systems may, in 
of the value of cardinal moments. 


pressure produces excitation 
By allowing for 
straight cable alignment and horizontal top 
profile of the beam, the author has deter- 
mined and analyzed the shape of the bottom 
profile of the beam. Optimum technical and 


economic advantages can, however, be 
obtained only when the excitation moments 
are judiciously brought about, since the com- 
plete elimination of these moments does not 


always provide the most satisfactory solution. 


Properties of concrete 


Relation of rebound hammer test 
results to sonic modulus and com- 
pressive strength data 


P. H. Perersen and U. W. Srott, 


. Proceedings 
Highway Research Board, V. 34, 


1955, pp. 387-399 

This paper and accompanying discussions 
indicate the relatiohships which exist between 
the amount of rebound on concrete of a light 
steel hammer and other properties of the 
concrete such as compressive and flexural 
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strength and sonic modulus of elasticit 
Data are based on tests employing concret 
cylinders, prisms, three different aggregates 
three different cement contents, three slum, 
several variations of curing, and testing 
Under cor 


trolled laboratory conditions there appeared 


7, 28, and 90 days, and 1 year. 


to be a pronounced degree of correlatior 
between hammer reading and compressiv« 
strength. It is concluded that the instrument 
may prove useful as a supplement to standard 
compressive strength tests, in the hands o 
persons skilled in its use and the interpr 
tation of results. 


Experimental research of imperme- 
ability of concrete in large hydraulic 
structures (in Italian) 


Finrppo Arrepi, Paper No. 30, Science 
Department of Hydraulic Structures, University of 
Rome, 1954, 15 pp. Published also in L’Acqua, No 
7-8, July-Aug. 1954 


Section 
Reviewed by J. J. PotivKa 


Test 


concrete. 


specimens were cores from mass 


Cylindrical specimens, 14 in 
high, having external diameters of 111% in 
and internal diameters of 2 in., were prepared 
by special drilling equipment. Specimens 
had variable characteristics: grading, qualit) 
of cement, water-cement ratio, and the time 
of hardening. Special equipment was de- 
signed for permeability» measurement, con- 
sisting of an iron bell bolted to a horizontal 
plate and 


The test specimen was placed at the center 


made watertight by a gasket 


of this plate, made watertight by rubber 
dises with coating, and pressed on the top 
The bell was 
supplied with water by a small piston pump 


by another smaller plate. 


the pressure of which was controlled by 
relief valve and measured by a gage at th 
top of the bell. The 


hole in 


water was let out 


through a the supporting plat 
Specimens were drilled and cut 40 days after 
casting and kept under damp sand. Th 
permeability tests were conducted as follows 
during first day the pressure in the test bell 
was kept for 1 hr at 5 atmospheres, increased 
to 10 and 15 atmospheres after 1-hr intervals 
After this soaking the pressure was kept 
constant at 15 atmospheres for 8 hr; the 
quantity of during the 
second, third, and last 5 hr was measured and 


water percolated 


the permeability coefficient was determined 
by generally known formulas 
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on 


Tests old 
sufficient, although in 


(1) 
usually 


Conclusions: 15-day 


oncrete are 
yme cases a slight decrease in permeability 


) 


possible in older concrete. (2) A 2-day 


est is sufficient. (3) A greater number of 
pecimens for each individual test is recom- 
nended. (4) In thin 
mpermeability is unattainable. (5) Pozzolan 


structures absolute 
ement is better. (6) In general, fine particles 
lo not increase the impermeability if the 
fluid 


liffuses into the aggregate framework. (7 


ibrated mortar is sufficiently and 
If the mix is deficient in fine particles, the 
in the 
framework 
the 


mortal! 


mortar concentrates lower layers 


8) Aggregate 
pletely submerged by 


must be com- 


mortar without 


inclusions of pure layers between 


lifts. 
was attained with the widest range of water- 


successive (9) Good impermeability 


cement ratio (up to about 0.65). 


Applications of vibratory energy: 
Apparatus for determining elastic 
moduli 


ArNoLD GRAVES 
1684, Nov. 4, 1955 


Engineering (London), V. 180, N« 
pp. 637-639 
Reviewed by 


Aron L. Mirsky 


Description of beat-frequency apparatus 
elasticity ol 
Author 
be 


monitoring long-time effects of such factors 


determining modulus of 


materials like concrete. notes test 


is nondestructive, hence can used for 


as freezing and thawing, loading, using the 


same specimen or specimens throughout 


Significance of tests and properties of 
concrete and concrete aggregates 


ComMMITTEE C-9, Special Technical Publication N 


169, ASTM, 1955, 393 pp., $6 


The 


previous 


has been expanded ove! 
(1935 1943), 


dealt only with significance of tests of con- 


scope 


editions and which 
crete, to include also the significance of the 


properties of concrete. Numerous innova- 
tions in concrete technology and testing are 
well covered. Material contained in the pre- 
vious editions has been carefully revised and 
expanded to bring it up to date. 

The subject matter has been divided into 
Part 
papers on sampling, statistical considerations, 
Part II 


contains 22 papers on the tests and properties 


four principal groups I includes four 


evaluation, and needed research. 


of freshly-mixed concrete, hardened concrete, 
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and special categories including ready-mixed 
aggregates 
tests and 
Part IV 
contains four papers on tests and properties 
ol 
alr-entraining admixtures, 


and lightweight concrete and 
Part II 


properties ol concrete aggregates 


contains nine papers on 


other materials: water, curing materials, 


and mineral ad- 
mixtures 

Practically every paper is supported by a 
list of half a 


amply sup- 


references numbering from 


dozen to over 100 Papers are 


ported by tables of data, charts, dimensions 
and photographi illustrations 

It would be an excellent text or text supple- 
ment for student use and an important 
reference for testing engineers and laboratory 
technicians. It also would be useful to engi- 


neers and executives not expert In research 
and testing but who are responsible for con- 
crete construction and who must know what 
tests are required and significant for adequate 


job control and results 


Application of statistical methods to 
laboratory concrete freeze-thaw test 
data 


r 3 IRICK ar SLACK 
Highway Researct oarc { 


$290-367 


ma, £7 
1955, pr 


An 


fairly complicated statistical analysis 


effort to demonstrate and explain a 
Dis- 
cusses experimental designs, the mathematical 
model, the assumptions which must be satis- 
fied the the 


variance method for 


and mechanics of analysis of 


and a determining 
where the differences lie among a set of means 
An example is used for those unfamiliar with 
statistical terms The authors conclude 
that a 


methods 


understanding of statistical 


thei 


better 


and use would result in (1 


a more complet analysis of data, (2) better 
agreement among researchers as to the mean- 


test 


ing of data ind (3) greater validity in 


data 


Determination of the hardening 
rapidity of concrete 


I ARRED!I, ( 
No. 27, Science 


Structures. University « 


PALMIERI, Pape 
Hydraulic 


PANDOL} and A 
section Department ot 

f Rome, 1954, 5 py 
Reviewed by J. J. PowrvKa 
Special apparatus of G. Bordoni was used, 
which is based on the principle ol applying 
the 


regulated, to the specimen. 


electrostatic vibrations, frequency ol 


which can be 


The Irequency modulation 1s converted 
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through circuits into amplitude modulation, 
and the fundamental resonance can be found. 
The apparatus is used for determination of 
the modulus of elasticity. Numerous con- 
crete specimens (16 x 32-cm cylinders) were 
tested electrodynamically and by axial com- 
pression. Advantage of the electrodynamic 
method is the possibility of testing fresh 
concrete (1-2 days old) without damage and 
of measuring the 


hardening behavior in 


relation to various physical conditions. 


Specimens were of crushed calcareous 
aggregates, in proportions to grading curve 
(including cement) of p (percent) = 100 
V d/D with maximum diameter D = 50 mm 
(2 in.), pozzolanic cement (10 percent of dry 
substance weight), and ratio 
of 0.57. 
molds, and compacted with a high frequency 
After 24 hr molds were 


removed and specimens placed: (a) in damp 


water-cement 
Specimens were prepared in metal 


immersion vibrator. 


sand, (b) immersed in water at 15 C, (c) 
same at 50 C, and (d) in air at 50 C and 30 
humidity. Results for 
various curing were: (a) modulus of elasticity 


(measured electrodynamically ) 


percent relative 
normal, in- 
creasing from approximately 4,000,000 psi 
(after 3 days) to 6,000,000 psi (at 28 days), 
and to 6,500,000 psi after 180 days with 
5500-psi ultimate crushing strength; (b) E 
and strength similar to (a) values; 
rapid hardening, E = 


(c) more 
5,000,000 psi at 3 
days, much higher, however, approaching 
the values of (a) and (b) specimens at 28 
and 180 days, with the ultimate compressive 
strength 6100 psi; (d) at 3 days EF only 95 
percent of the value of specimens in (a), 
reaching 3,900,000 psi at 180 days, with a 
compressive strength of 2500 psi. 


Structural research 


Measurement of stress in two pre- 
stressed concrete beams 


¥.- 2. 
V. 28, No. 3, July 1955, pp. 22-26 


Beresrorp, Constructional Review (Sydney), 

Stresses in two pre-tensioned beams were 
determined experimentally during 
facture, during and _ shinkage, 
while being tested to destruction. 


manu- 
and 
Electric 
resistance strain gages were used on rein- 
forcing wires and beam surfaces. 


creep 


Calculations based on measured prestress 
gave a cracking load which compared favor- 
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ably with experimental results. Results al 
that failure is due 
failure of the compressive flange of the cor 


suggested ultimate 


crete rather than yielding of the steel 


Dynamics of vehicle 
highway guardrails; 
periments 

R. 8S. Ayre, J. I. Aprams, and M. A. Hineer, Tec) 


nical Report No. 5, Department of Civil Engineering 
Johns Hopkins University, Dec. 1955, 112 pp 


impact against 
laboratory ex- 


A final report on a laboratory scale mode! 


investigation of the impact of vehicles 


against highway guardrails. Guardrail sys- 
tems studied were cable type and beam typ« 
Variables studied included the direction and 
speed with which vehicle strikes guardrail, 
friction elastic 


properties, properties and 


energy dissipative properties of guardrail 
structure, and nature of the coupling between 


the structure and the soil. 


Comparison of modulus of rupture 
values obtained using center- and 
third-point loading 


A. J. Merzcer and F. W. TxHompson, Aenericar 
Ceramic Society Bulletin, V. 34, No. 12, Dee. 1955 
pp. 415-417 
AvuTHORS’ SUMMARY 
Two hundred and forty fire clay brick 
were tested in flexure using center-point and 
third-point loading. The moduli of ruptur: 
values found were compared statistically for 
variability methods of 


between the two 


difference in th 
The 


center-point modulus of rupture values using 


loading. No significant 


variability was found. calculation of 


Timoshenko’s formula to correct for ‘“wedg- 


ing action’’ gave results substantially the 


same as those obtained by third-point loading 


Experimental research on the ratio 
between the bending and tensile 
strength of concrete (in Italian) 

F. Arrepi, C, Panpotri, and A. Patmreri, Pape 
No. 28, Science Section, Department of Hydraulic 
Structures, University of Rome, 1954, 8 pp. Pub 
lished also in L'Energia Elettrica, No. 1. 1954 


Reviewed by J J. PonrvKa 


Specimens of different mixes with aggre- 
gates of different properties, with the same 
kind and content of cement and with wate! 
contents corresponding to the same work- 
ability were tested. For bending strength, 
prismatic specimens 644 x 6% x 14 in. 
were placed vertically, fixed at both 
and subjected to bending by a_ horizontal 


ends 
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load. The 


<ert progressively increasing vertical force 


ever under system could also 


This device produces constant bending 
noments without shear (slight compressive 
about 3 bending stress 


stress 


percent ol 
iunnot be eliminated). For tensile strength, 
6 x 12-in. cylindrical specimens were used 
Results: (1) The ratio was practically con- 
stant regardless of age of concrete (about 2). 
2) Ratio was not affected by water-cement 
(3) Ratio 
did not vary greatly with the kind of aggre- 


ratio, neither by kind of cement. 
gates and the size. (4) Sixty-two average 
values varied between 1.5 and 2.4, the general 
average value being 1.97; however, 53 of them 
varied between 1.7 and 2.2 (about 87 percent 

Theory of probability is applied to deter- 
mine more accurately the ratio on the basis 
of a few preliminary tests. The study sub- 
stantiated the that the 
ibility of the ratio observed in the experi- 


hypothesis vari- 
ments was accidental, and, therefore, a mean 
constant value of any type of concrete can 


be assumed about 1.98. 


Use of electro-cardiographs for stress 


measurement by means of resistance 
strain gages (in Polish) 


4. Kawezynsk!, Inzynieria i Budownictwo (Warsaw 
No. 5, 1954, pp. 144-146 
PoLisu 


TECHNICAL ABSTRACTS 


No. 2, 1955 


The method of measuring stresses by elec- 
tric resistance strain gage coupled with an 
electro-cardiograph has marked advantages, 
including measurement of internal defor- 
mations occurring in the material. Recording 
limited to from 0.1 to 250 


cycles per sec. The recording devices produce 


of variations is 


i diagram 100 mm wide, with time graduation 


every 0.2 sec. Diagram of equipment and 


description of the working process is included 


General 


Unique batch plant makes successful 
shakedown run 


Contractors and Engineers, V. 52, No 
64-66 


3, Mar. 1955, pp 


Describes a portable batch plant of radical 
design. Capable of turning out 50 cu yd of 
concrete per hr, the steel plant is 32 ft long, 
10% ft high, and 8 ft wide; it weighs 6000 


b empty. All four bins are positioned di- 
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rectly over a conveyor belt which will deliver 
batch truck, truck 
mixer. It proved satisfactory its first 
trial for a $300,000 underpass job which re- 


to a concrete mixer, or 


on 
quired 1500 cu yd of concrete 


Dynamic auscultation of concrete 
(L’auscultation dynamique du beton) 


M. J. CHauuier, Annales des Ponts et 
V. 124, No. 6, Nov.-Dee. 1954, py 


Reviewed by 


Chaussees (Paris 
705-737 
Anon L. Mirsky 


After a short discussion of the 
method of evaluating concrete quality 


tests 


usual 
by 
cubes (cylinders, in 


compression of 


America )—and reasons for the nonuniformity 
of results experienced with that method, the 
sonic method is presented in all its aspects 
Discordant note: The bibliography on p 
737 cites a goodly number of references—20 
items—but in such fashion as to constitute a 
nightmare for anyone interested in looking 
them up. This greatly reduces the value of 
an otherwise excellent and worthwhile papel 
New insights on sieve processes. |I— 
Characteristics of moist piles and proc- 
esses using vibrating sieve frames. 
Il—Sieve cloggings and their cure 
(in German) 
W. Baret, VDI Zeitsci 
13, 14: May 1, 1955, pp 
pp. 417-424 


Disseldorf), V. 97. No 
393-400; May 11 1055 


Reviewed by Aron I Mirsky 


\ scholarly dissertation Both theoretical 


and ‘xperimental investigations are reported 


Concrete structures in India 


Concrete Assn. of India, Bombay, 1955, 80 pr > ra 


Contains more than 100 selected photo- 


graphs of concrete structures in India, show- 
ing The book is 
divided groups 


50 years of development 


into six broad buildings, 
roads, bridges, industrial structures, hydro- 


electric and irrigation projects, and muni- 


cipal and rural uses of concrete 


Building, planning, and design stand- 
ards 


Harotp R. SLEept 
New York, 1955, 330 pp 


John Wiley & 


$l2 


Sons, Ine 


file of 
types intended primarily 


Provides a large accumulated data 
on many building 
to assist architects to familiarize themselves 
trends 


to 


with recent in planning specific type 
the 


book 


buildings and them time for 


This 


save 


creative aspect of planning 
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should be valuable also to engineers since 
among the 23 type structures presented are 
stadiums and grandstands, parking garages, 
and railroad and truck data for loading docks 
The material 
principally bulletins, catalogs, 
and books. The 


graphically or 


sources of used are given, 
periodicals, 
material itself is 
diagrammatically 
It should supplement well 
the other excellent books by the author on 
architectural graphic standards and _ specifi- 
cations. 


recent 
presented 
for easy reading. 


Punch card batching of concrete 
B. Norpperea, Rock Products, V. 58, No. 7, July 1955 
pp. 131-136, 156-158 

Automatic batching plant delivers 180 to 
200 cu yd of central-mixed concrete per hr. 
This plant is said to be the first to utilize 
the system whereby cards bearing the 
necessary specification data and electronics 
are the means for automatic batching of 
cement aggregates and water. A perforated 
card is made up, indicating the weights of 
materials for each specified mix. It is in- 
serted into a slot, a button is pressed, and 
the mix is automatically proportioned for 
discharge into the mixer. It is simultaneously 
recorded automatically, providing a positive 
check on amounts of materials against those 
specified on the punched cards. It requires 
only four men for its entire operation, in- 
cluding aggregate handling from storage and 
cement from railroad cars or bulk trucks to 
the discharge of 
truck mixer drums. 


mixed concrete into the 


An unusual case of corrosion of 
aluminum conduit in concrete 
T. E. Wriaut, The Engineering Journal (Montreal), 
V. 38, No. 10, Oct. 1955, pp. 1357-1362 
Reviewed by Aron L. Mirsky 
Isolated 


collapse of 


cases of severe corrosion and 
aluminum conduit in a large 
mental hospital at Smiths Falls, Ont., Canada, 
were tracked down by painstaking scientific 
detective work. Conduit had 


slabs between floors, 


laid in 
hence post- 
hydration moisture was not a factor. Culprit 


been 
concrete 


was found by laboratory investigation to be 
calcium chloride used during cold weather 
in combination with galvanic currents 
between aluminum (anode) and embedded 
steel (cathode) in contact. Since steel is 
almost always present in structural concrete, 
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and since corrosion cannot be prevente 
with certainty, author concludes aluminu 


conduit should not be buried in concret: 


containing calcium chloride. 


Mechanical characteristics of soils and 
solids (Les caracteristiques mecaniques 
des sols et des solides) 


A. Covarp, The Engineering Journal 
V. 38, No. 9, Sept. 1955, pp. 1207-1210 
Reviewed by Aron L. 


Montreal 
Mirsky 
Author summarizes his series of papers ir 
Le Genie Civil (Paris) [1949, No. 8; 1952 
No. , 5, 6, 7, 20; 1953, No. 3, 7, 12, 14 
No. 2]* on the compressiv: 
strength and shearing resistance of soils and 
Application of his which 
differ from those currently accepted, to rein- 


1,3 
21, 23; 1954, 


solids. theories, 
forced concrete beams is discussed. 

A brief outline of these theories, as applied 
to soil mechanics, is given by H. R. Reynolds 
in Civil Engineering and Public Works Revie 
(London), V. 50, No. 590, 
883-884. 


Aug. 1955, pp 


*Author has since published other papers on this 
subject, the latest being in Le Genie Civil for Nov. | 
1955 (VY. 132, No. 21, pp. 412-413). Reviewer under 
stands reprints of most of the series are to be issued 


booklet form. 


Joints in concrete 


P. L. Laine 
No. 4, 


Constructional Revieu 
Aug. 1955, pp. 27-34 | 


Sydney), V 


Discusses the necessity for joints both i 


design and in construction. Specification 


requirements to insure satisfactory con- 


struction are thoroughly described and a 
large variety of different types of joints are 
illustrated for walls, slabs, and beams in 
buildings, bridges, and reservoirs. Includes 
recommendations for the application of 
copper waterstops as well as the new plastic 


and synthetic rubber waterstops. 


Internal stress gages for cementitious 
materials 
Y. C. Lon, Proceedings, Society for Experimental 
Stress Analysis, V. 11, No. 2, 1954, pp. 13-28 
AppLieD Mecuanics Reviews 
Oct. 1955 
Presents a discussion of (1) the factors to 
be considered in the design of internal gages 
(2) the construction of an 
gate, and (3) the test 
stress gages. 
For internal measurement in 
concrete, the embedded gage and the con- 


internal stress 


results of embedded 


accurate 
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ete must have identical physical properties. 


ut for a heterogeneous and semiplastic 
iterial like concrete, perfect matching of 
The 
ror introduced due to imperfect matching, 
ind the design methods used to reduce the 


hysical properties cannot be realized. 


rrors are discussed. 
An internal stress gage designed for both 
static and dynamic 
The gage is 
114 in. long, and its working range is from 
1000 psi in tension to 9000 psi in compression. 


measurements is de- 


scribed. 14-in. diameter and 


Test results of embedded gages under com- 
lateral, 
dynamic loads are presented. 


pressive, tensile sustained, and 


Location and continuity of reinforce- 
ment in concrete 


G. W. Lorp, R. W. Covcn, and D. E. 
Highway Research Abstracts, V. 25, No. 4 
pp. 28-33 


GOTHAM 
, Apr. 1955 


AvuTHORS’ SUMMARY 

Reports results of experimentation with 
a military mine detector for investigating 
gaps, laps, breaks, and positioning of wire 
fabric sheets in reinforced concrete pavements. 
The was largely exploratory 
and was limited to one type of detector and 
For rein- 
was definitely indicated that 
breaks in the mesh, gaps left intentionally or 
due to 


investigation 


wire fabric reinforcement. mesh 


forcement, it 


poor construction 


procedure, the 
length and location of laps, and possibly the 
relative depth of the mesh can be determined. 
From the results with wire fabric, it appeared 
possible that the instrument could be adapted 
to the determination of the location, align- 
ment, and continuity of isolated reinforcing 
bars, such as center joint tie bars, transverse 
joint dowels, and panel marginal bars. 


Determination of the grinding fineness 


by hand and mechanical sieving 
(Bestimmung der Mahlfeinheit durch 
Hand- und Maschinensiebung) 


Zement-Kalk-Gips 
1955, pp. 361-363 


A. Menke, 


(Wiesbaden), V. 8 
No. 10, Oct 


AvuTHor’s SUMMARY 


Describes a cement sieving machine for 
laboratory use which permits one of the 
following three sieving operations to be 


carried out simultaneously: (a) two sievings 
on a set of three sieves, (b) three sievings on 
a set of two sieves, and (c) four sievings on 
one sieve. The fine particles passing during 


sieving are continually eliminated by aeration 


Torque shuttering 


J. H. Crove-Rees, Prefabricat 


. London 
No. 25 1955, pp. 28-30 


Patented 
that 


formwork 
bolts 


described 
hook-heads for 
Boards are 
with the hook bolts 
not permanently affixed to walers 
bolts 


Svstem 1s 


uses with offset 
form ties and angle iron walers 
attached individually 
and are 

Offset torque 


when tightened which tends to collapse form 


heads of produce a 
Bolts are placed so their torques oppose on 


another As concreting progresses, pressur¢ 
of fresh concrete opposes torque adding to 
rigidity. Spacers over the ties maintain 
minimum wall thickness and spacing of ties 
prevents bulging 
Advantages claimed: (1 
required, and (2) use of 


gives flexibility. 


skilled labor not 


individual boards 


Increased use of color seen in concrete 
industry 
FRANK B. Davis, Pit and Qua 


1955, pp. 168-170 


Reviews pigments suitable for coloring 


concrete Discusses methods and precautions 
to observe in 
that pro- 


ducing these pigments have created a great 


producing colored concrete 
Concludes technical advances in 
sales opportunity for all concrete producers, 
that 
taking advantage of this opportunity, and 
that the should also 
participate in this market on a wider scale 


concrete products manutlacturers are 


ready-mix industry 


Concrete products yearbook, 
(Betonstein Jahrbuch, 1955) 


Bauverlag GmbH, W esbaden, Ger 


1 


1955 


\ 1955, 464 
pp., 5 DM 


Keviewed by Aron L. Mirsky 


the third in 
1954 and 
ACI 


316, 


This volume, the series (for 


reviews of the 1953 volumes, see 
Nov 
1953, 


supplements 


“Current Reviews,” 
1954, Proc V. 51, Pp. 
Proc. V. 
rather 


JOURNAL, 
and June 
19, p. 979, respectively 
than supplants the 

Statistics, standards, and data on machinery 
are brought up to date, and there is much 


previous two 


new material, particularly as regards concrete 


wares (stairs, floor agricultural 


facilities); but other material available in the 
previous volumes is omitted. 


svstems, 


There is also a 
good listing (pp. 362-371) of recent German 
books and research bulletins pertaining to 


concrete 
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Suggestions on the planning of fog 
rooms for curing concrete test 
specimens 


C. A. CARPENTER, 
1955, pp. 33-36 


ASTM Bulletin, No. 209, Oct. 
Offers practical methods for constructing 
test 
maintain temperature and moisture limits as 
provided by ASTM specifications. 
each detail in turn; ceilings, walls, insulation, 
nonskid floor, lighting, fog- 
producing equipment, heating, cooling, tem- 


concrete specimen storage rooms to 


Discusses 
ventilation, 


perature control, air circulation, and storage 
racks. 


Lightweight concretes (Les bétons 
légers) 

J. P. Levy, Editions Eyrolles, Paris, 1955, 204 pp., 
2130 Fr. 


Discusses no-fines concrete, natural and 
expanded lightweight mineral aggregate con- 
crete, cellular concrete, and concretes con- 
Much of the data 
on the properties of these concretes and their 
components are drawn from American and 
The 


chapter on cellular concretes seems to cover 


taining wood aggregates. 


European literature on this subject. 


physical properties less comprehensively than 
did Valore in his ‘Cellular Concretes’’ (ACI 
JOURNAL, May and June 1954, Proc. V. 50) 
but more detail is given on plant and methods 
of manufacture. 

The chapter on lightweight concrete made 
of wood aggregate is of interest because of 
the dearth of information on this subject in 
American publications. For sawdust 
crete, kinds of wood best suited for this use 
and recommended treatments and mixtures 


con- 


are given. The fabrication, properties, and 
use of two commercial types of wood fiber 


concrete are discussed. 


Vibration of concrete for hydro-engi- 
neering constructions—technical and 
economic results (in Polish) 


S. Iwanickt, Gospodarka Wodna., No. 5, 
193-198 


1954, pp. 
Pouisnh TecHNnicaL ApsTRACTS 

No. 2, 1955 

Vibrated concrete gives savings of two 
kinds: (1) the opportunity of condensing 
less fluid concrete and (2) a closer bond 
between the stone. These two factors are 
responsible for either a reduction in quantity 
of cement (up to 10 percent) and water 
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required, or, provided the quantity of cem: 
is not varied, increased strength in the « 
crete. work 
divided 


Concrete can, in general, 
the individ 


classes of vibrators best suited to them bei 


into several types, 
specified in tables accompanying the articl 
addition to tl 
performance of vibrators, also be given 


Consideration must, in 
such technical parameters as amplitude and 
frequency of vibration. The performance of 
every vibrator is dependent on, among othe: 
factors, the consistency of concrete and th 
kind of aggregate used. The performance o 
vibrators also depends on the radius of actior 
and the thickness of the layer they are abl 
to deal with. The operating range of vibrators 
can be determined by means of metal balls 
empty inside, immersed in the concrete and 
the within the 
effective range which the vibrator is able to 
cover (Bryla); or by means of a bell float 
immersed in concrete and connected by 

tube with a gage (Mikla 
szewski ) vibrated, concret 
acquires the features of a liquid, and thx 


caused to rise to surface 


water 
while 


pressure 
being 


pressure gage records the hydrostatic pressur’ 


Structures: their elements and details. 

Part Il—Reinforced concrete structures 
Joun B. Grissin, Westwood, N. J., 1955, 156 pp 
Reviewed by Fritz Kramris¢ 

A book with some thought behind it. The 

author “explain”’ the fundamenta 

details and forms of construction 


tries to 
to which 
The 


purpose is to bring them closer to the under- 


reinforced concrete is being applied. 


draftsman who 
might not have sufficient educational back 
ground. 
and 


standing of a detailer or 
The text is simple and to the point 
the 
It is suggested that the book 


most of details characteristic and 
well chosen. 
be checked 
edition to eliminate a number of 


text and details. 


thoroughly before a second 


errors in 


Rapid determination of cement content 
in concrete and mortar 


L. R. Cuappa, Indian Concrete Journal 
V. 29, No. 8, Aug. 1955, pp. 258-260 


Bombay 


methods for the 
cement 


two alternate 
determination of the content in 
freshly prepared concretes and mortars. The 
first method, called ‘‘conductometric,” is 
based upon the fact that the conductivity 
of the water in a mixture is 


Presents 


cement-sand 
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related to the concentration ol 
The second method, called ‘‘ad- 
variation in 
lsorption of KMn0O, with the concentration 


ectly 
ment. 
rption,” is based upon the 
cement in freshly prepared cement sand 


ixtures. 


Tentative standards for testing of gas- 

aerated and foamed concrete with the 
ball-impact testing device (Kugel- 

schlagpruefung von Gas-und Schaum- 

beton) 

Retonstein-Zeitung (Wiesbaden), V. 21, No. 10, Oct 
155, p. 476 


Reviewed by Werner H. Gumpertz 


The ball-impact concrete testing device, 
standard DIN 4240, has 
extended to use on lightweight 
The diameter of the mark of the ball on the 
concrete indicates the strength of the con- 


German been 


concrete 


crete with reasonable accuracy. Complete 


calibration data are furnished for extending 


the application of this device to other 


concrete. 


Use of the Kelly ball as a device for 
measuring the consistency of concrete 
W. E. Grrev and R. A. Marr. Public Roads, V. 28 
No. 12, Feb. 1956, pp. 266-270 

Reports on tests by the Bureau of Public 
Roads on the use of the Kelly ball apparatus. 
Includes tabulations and curves comparing 
Kelly ball penetration readings with slump 
tests for field and laboratory tests on con- 
crete employing gravel and crushed stone 
from 2-in. maximum size to l-in. maximum 
size. The method has many advantages in 
test, 
particularly in highway paving work using 
coarse aggregate with a maximum size of 2 in. 


comparison to the standard slump 


Strength of encased steel stanchions 
F. G. Tuomas, Engineering (London), V. 180, No 
1688, Dec. 2, 1955, pp. 759-760 


Reviewed by Aron L. Mirsky 


Brief commentary on the 
revision of British Standard No. 
of Structural Steel in Building,” which 
permits total load taken by 
encased steel columns by adding to the load 
taken by the steel the load taken by the 
concrete on a rectangular area equal to flange 
width multiplied by mean depth between 
flanges, the stress in the concrete being limited 
to 1/15 that permitted in the steel. Author 


1955 


149), 


draft 
“Use 


calculating 


finds this method and 
results thereunder with those from a rational 
formula using the recommendations of 
British Code of Practice CP 114. Accidental 
eccentricity, columns 


irrational, compares 


under 
bending plus direct load, are also discussed. * 

*Additional comments on the draft revision are 
given by Oscar Faber, The Structural Engineer (London) 
Mar. 1956, pp. 88-109. Abstracts of this have appear 
ed in, inter alia, Engineering, Dec. 23, 1955. pp. 855-857 
and The Enginee Dec. 9, 1955, pp. 834-835 


and encased 


On steam curing of concrete (Ueber 

das Dampfhaerten von Beton) 

VDI Zeitschrift (Disseldorf), V. 97, No. 

1955, pp. 831-832 
Reviewed by 


Orro GRAF, 
24, Aug. 21 


Aron L. Mirsky 


Discusses benefits of curing concrete prod- 
ucts in steam, both unpressurized and pres- 
surized. Combined effects of special aggre- 


gates and cements with steam curing is 
noted, with closing comment that Germany’s 
raw materials vary so, that investigation of 


each case is to be recommended a recom- 


mendation which should not be restricted to 


Germany. 


Concrete floors on ground for heavy 
duty use 


Constructional Re 
1955, pp. 23-24 


Briefly 
ground. 


Sydney 28, No. 1, May 


covers floors in contact with the 


Includes discussion of subbase 


| ndet slab 


reinforcement, concrete 


preparation and dampproofing 


design, thickness, 


quality, curing, and joints are given 


con- 
sideration. Other main headings are surface 
finishing and topping, surface treatment and 
stain removal, and maintenance Surface 
requirements of specific special uses are dis- 


cussed as a subtopic of finishing 


Survey of modern concrete technique 


Epwyn E. H 
Proceedings 
Part III, V. 4, No. 3, Dee 


ing discussion 


Bate and Donatp A 
Institution of Civil Engineers 
1955, pp 


STEWARI!I 
London 
589-661 (includ 


Reviewed by Aron L. Mirsky 


Author’s plaint is that there is considerable 


discrepancy between the theory of pro- 
ducing the best concrete and the practice 
Difficulties in applying theory to 
British Ministry of 


Public Works experience with performance- 


practice 
are discussed; recent 
type specifications for concrete (which, how- 
ever, include suggested mixes as well as the 
The dis- 
614-661 


desired final strengths) are noted 
cussion is both lengthy (pp 


critical 


and 
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Concrete footings for one- and two- 
story buildings 


Z. Cziszar, Constructional Review (Sydney), V. 28, 
on 


No. 2, June 1955, pp. 27-36 


Paper is based on summary drafted for 


Standards Assn. of Australia to assist in 
Includes data on standard 
brick buildings; descriptions of the exploration 


and classification of subsoils; technical and 


preparing a code. 


economical consideration in footing design; 
examples for design of strip, pier and beam, 
pile and beam, and raft footings; and a 
method for estimating approximate settle- 


ment of buildings. 


Apparatus for the field control of 
concrete workability 
R. H. H. Krrxuam, Civil Engineering and Public 
Works Review (London), V. 50, No. 592, Oct. 1955, 
pp. 1109-1110 

The apparatus is based on the premise 
that the variation in strength of concrete 
will be no greater if adjustment in the water 
is made to maintain a constant workability 
than if this adjustment is made from deter- 
minations of the moisture content of the ag- 
The apparatus 
instrument which determines the change in 


gregates. consists of an 
the weight of concrete given a standard com- 
The compaction is accomplished by 
allowing a measured amount of concrete to 
drop a given distance twice, from one hopper 


paction. 


to a second, to a final measuring cylinder. 
A scale is calibrated to the particular ‘“com- 
pacting factor’? used. For a mix of known 
proportions in a batch of known size the 
scale may be calibrated to read the change 
required in the amount of mixing water 
added to give concrete of the right compacting 
factor. (The device is patented. ) 


Fundamentals of field soniscope 
testing 


8S. M. Breunine and V. G. RoGGeveen, Proceedings, 


Highway Research Board, V. 34, 1955, pp. 379-386 


and limitations for field 
testing of concrete employing the soniscope 
for a series of tests on piers, abutments, 
The 
significance of sound velocities in various 
materials is discussed. Practical problems 
of soniscope field testing are described, 
including procedures and difficulties en- 
countered. Inaccuracies introduced by com- 
ponents of this complex electronic instrument 


Discusses 


uses 


slabs, and other concrete members. 
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are also discussed. The authors concluc 
that the soniscope offers definite possibilities 
as a useful tool for field testing of concret 
structures, especially in connection 
periodic maintenance. They do, however, 
point out some of the factors which can 


with 


affect results obtained. 


Steam-turbine foundations 
urbinen-Fundamente) 


E. Rauscu, VDI Zeitschrift (Diisseldorf), V 97, N« 
29, Oct. 11. 1955, pp. 1020-1025 
Reviewed by Aron L. Mirsky 


(Dampf- 


A brief code for the design and construc- 
tion of such foundations, in the light of 
DIN 4024 (Jan. 1955). <A detailed 
parison of reinforced concrete 
leads author to 
former are not passe 
equal of the latter. 


com- 
and steel 
that 
they are at least the 


foundations conclude 


Concept of safety in construction 
The Indian Builder (Bombay), V. 3, No. 5, May 1955 
pp. 7-12 

A philosophical discussion of safety factors 
It discusses the incorporation of higher and 
more accurate concepts of safety in construc- 
tion to reduce hazards of collapse due to the 
increasing complexities of structures. Con- 
cepts of safety are examined in the light of 
modern theories covering statistical ideas of 
failure, incorporation of the plastic theories 
and the impact of the theory of airplan 
structures on general building construction 
The prime factors of safety in construction 
with reference to foundations, concreting 
forming, and the general mode of work are 
enumerated with examples. 


Control of shrinkage in concrete 
masonry 

K. J. Cavanacu, Consiructional Review (Sydney 
V. 28, No. 5, Sept. 1955, pp. 27-31 
fundamental 
change in concrete masonry and construction 
techniques to eliminate their effects. 


Discusses causes of volume 


Circumferential stresses in prestressed 
pipes 


Ruypwyn Harpine Evans, Proceedings, Institution 
of Civil Engineers (London), Part III, V. 4, No. 3 
Dec. 1955, pp. 776-783 
Reviewed by Aron L. Mirsky 

Design formulas, with recommended values 
for creep and shrinkage of concrete and 
creep (relaxation) of the steel. A numerical 
example is included. 
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SYNOPSIS 


This code covers the proper design and construction of buildings of 
reinforced concrete. In such structures as arches, tanks, reservoirs, 
and chimneys where specialization relates principally to the mechanics 
of design and details of construction, the provisions of this code may 
be applied with the modifications necessary to suit the special condi- 
tions. It is written in such a form that it may be incorporated verbatim 
or adopted by reference in a general building code, and earlier editions 
of it have been widely used in this manner. 

Among the subjects covered are: quality of concrete; allowable 
stresses; mixing, placing, curing, and cold weather protection of con- 
crete; forms; cleaning, bending, placing, splicing, and protection of re- 
inforcement; embedment of pipe and conduits in concrete; construc- 
tion joints; general design considerations; flexural computations; shear 
and diagonal tension; bond and anchorage; flat slabs; columns and 
walls; footings; and precast concrete. The quality and testing of mate- 
rials used in the construction are covered by references to the appro- 
priate ASTM standard specifications. 


*Adopted as a Standard of the American Concrete Institute at its 52nd Annual Convention 
Feb. 21, 1956, as reported by Committee 318; ratified by Letter Ballot Apr. 39, 1956. ACI 318-56 
supersedes ACI 318-51 published Apr. 1951 

Title No. 52-57 is a part of copyrighted JouRNAL OF THE AMERIC\SN CONCRETE INSTITUTE, V. 27, 
No. 9, May 1956, Proceedings V. 52. Separate prints in covers are available at $1.00 each 
(50 cents to ACI Members). Discussion (copies in triplicate) should reach the Institute not 
later than Sept. 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich 
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CHAPTER 1—GENERAL 
101—Scope 


(a) This code covers the use of reinforced concrete and plain concrete in any 
structure to be erected under the provisions of the general building code of which 
t forms a part. It is intended to supplement the provisions of the general code 
in order to provide for the proper design and construction of structures of these 
materials. In all matters pertaining to design and construction where this code is 
in conflict with other provisions of the general code, this code shall govern. 

(6) With the exception of Section 103, the provisions of this code are not 
intended to apply to prestressed concrete. 


102—Permits and drawings 


(a) Drawings and typical details of all reinforced concrete construction show- 
ing the size and position of all structural members, metal reinforcement, design 
strength of concrete, and the live load used in the design shall be filed with the 
building department as a permanent record before a permit to construct such 
work will be issued. All plans submitted for approval or use on the work shall 
clearly show the strength of concrete at a specified age for which all parts of the 
structure were designed. Calculations pertaining to the design shall be filed with 
the drawings when required by the Building Official. 


103—Special systems of reinforced concrete 


(a) The sponsors of any system of design or construction of reinforced con- 
crete which has been in successful use, or the adequacy of which has been shown 
by test, and the design of which is either in conflict with, or not covered by this 
code shall have the right to present the data on which their design is based to a 
“Board of Examiners for Special Construction” appointed by the Building Off 
cial. This Board shall be composed of competent engineers, architects, and build 
ers, and shall have the authority to investigate the data so submitted and to formu 
late rules governing the design and construction of such systems. These rules 
when approved by the Building Official shall be of the same force and effect as 
the provisions of this code. 


104—Definitions 


(a) The following terms are defined for use in this code: 


Aggregate, fine—Natural sand, or sand prepared from stone, blast furnace slag, 


or gravel, or, subject to the approval of the Building Official, other inert materials 
having similar characteristics. 

Aggregate, coarse—Crushed stone, gravel, blast furnace slag, or other approved 
inert materials of similar characteristics, or combinations thereof having hard, 
strong, durable pieces, free from adherent coatings. 

Column—An upright compression member the length of which exceeds three 
times its least lateral dimension. 
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Combination column—A column in which a structural steel member, design« 
to carry the principal part of the load, is wrapped with wire and encased in co: 
crete of such quality that some additional load may be allowed thereon. 

Composite column—A column in which a steel or cast-iron structural membx 
is completely encased in concrete containing spiral and longitudinal reinforcement 

Concrete-—A mixture of portland cement, fine aggregate, coarse aggregate, and 
water. 

Deformed bar—A reinforcing bar conforming to “Specifications for Mini 
mum Requirements for the Deformations of Deformed Steel Bars for Concret« 
Reinforcement” (ASTM A 305). Wire mesh with welded intersections not fa: 
ther apart than 6 in. in the direction of the principal reinforcement and with 
cross wires not smaller than No. 10 AS&W gage may be rated as a deformed 
bar. 

Effective area of concrete—The area of a section which lies between the 
centroid of the tensile reinforcement and the compression face of the flexural 
member. 

Effective area of reinforcement—The area obtained by multiplying the right 
cross-sectional area of the reinforcement by the cosine of the angle between its 
direction and the direction for which the effectiveness is to be determined. 

Panel length—The distance along a panel side from center to center of columns 
of a flat slab. 

Pedestal—An upright compression member whose height does not exceed three 
times its least lateral dimension. 

Plain bar—-Reinforcement which does not conform to the definition of deformed 
bar shall be classed as a plain bar. 

Plain concrete—Concrete without reinforcement, or reinforeed only for shrink 
age or temperature changes. 

Precast concrete—A plain or reinforced concrete building element cast in other 
than its final position in the structure. 

Prestressed concrete—Concrete in which there have been introduced in- 
ternal stresses of such magnitude and distribution that the stresses resulting 
from service loads are counteracted to a desired degree. In reinforced con 
crete the prestress is commonly introduced by tensioning the reinforcement. 

Reinforced concrete—Concrete in which reinforcement other than that pro 
vided for shrinkage or temperature changes is embedded in such a manner that 
the two materials act together in resisting forces. 

Surface water—The water carried by the aggregate except that held by absorp- 
tion within the aggregate particles themselves. 


105—ASTM specifications cited in this code* 


The specifications of the American Society for Testing Materials referred to 
in this code are listed below with their serial designation including the year 


*The ASTM specifications listed were the latest editions at the time this code was prepared 
Since these specifications are frequently revised, generally in minor details only, the user of 
this code should check directly with the ASTM if it is desired to refer to the latest editions 
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latest revision. They are declared to be a part of this code the same as if fully 
t forth elsewhere herein: 


A 7-53T 
A 15-54T 


A 16-54T 


A 82-34 


A 160-54T 


A 184-37 


A 185-54T 


A 305-53T 


A 377-54T 
C 31-49 


C 33-54T 
C 39-49 


C 42-49 


C 94-54T 
C 150-53 
C 172-54 
C 175-53 
C 192-54 


C 260-54 


C 330-53T 


Tentative Specifications for Steel for Bridges and Buildings 

Tentative Specifications for Billet-Steel Bars for Concrete Re- 
inforcement 

Tentative Specifications for Rail-Steel Bars for Concrete Reinforce- 
ment 

Standard Specifications for Cold-Drawn Steel Wire for Concrete 
Reinforcement 

Tentative Specifications for Axle-Steel Bars for Concrete Rein- 
forcement 

Standard Specifications for Fabricated Steel Bar or Rod Mats for 
Concrete Reinforcement 

Tentative Specifications for Welded Steel Wire Fabric for C 
crete Reinforcement 

Tentative Specifications for Minimum Requirements for the De- 
formations of Deformed Steel Bars for Concrete Reinforcement 

Tentative Specifications for Cast Iron Pressure Pipe 

Standard Method of Making and Curing Concrete Compression 
and Flexure Test Specimens in the Field 

Tentative Specifications for Concrete Aggregates 

Standard Method of Test for Compressive Strength of Molded 
Concrete Cylinders 

Standard Methods of Securing, Preparing and Testing Specimens 
from Hardened Concrete for Compressive and Flexural Strengths 

Tentative Specifications for Ready-Mix Concrete 

Standard Specifications for Portland Cement 

Standard Method of Sampling Fresh Concrete 

Standard Specifications for Air-Entraining Portland Cement 

Standard Method of Making and Curing Concrete Compression and 
Flexure Test Specimens in the Laboratory 

Standard Specifications for Air-Entraining Admixtures for Con 
crete 

Tentative Specifications for Lightweight Aggregates for Structural 
Concrete 
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CHAPTER 2—MATERIALS AND TESTS 
200—Notation 


D = deflection, produced by a test load, of a member relative to the en: 
of the span 
L = span of member under load test (the shorter span of flat slabs and of 
floors supported on four sides) 
= total thickness or depth of a member under load test 


201—Tests 


(a) The Building Official, or his authorized representative, shall have the 
right to order the test of any material entering into concrete or reinforced concret« 
to determine its suitability for the purpose; to order reasonable tests of the con 
crete from time to time to determine whether the materials and methods in use 
are such as to produce concrete of the necessary quality; and to order the test 
under load of any portion of a completed structure, when conditions have been 
such as to leave doubt as to the adequacy of the structure to serve the purpose for 
which it is intended. 

(6) Tests of materials and of concrete shall be made in accordance with the 
requirements of the American Society for Testing Materials as noted elsewhere 
in this code. The complete records of such tests shall be available for inspection 


during the progress of the work and for 2 years thereafter, and shall be pre 
served for that purpose by the engineer or architect. 


(c) Tests for safe load ratings for reinforced concrete structures which are 
subject to approval under Section 103 shall be made at an age not greater 
than the minimum age at which the structure is to be put in service or is assumed 
to have the design strength (usually 28 days). 


202—Load tests of existing structures 


(a) A load test of an existing structure to determine its adequacy (stiffness 
and strength) for the intended use shall not be made until the portion subjected 
to the load is at least 56 days old, unless the owner of the structure agrees to 
the test being made at an earlier age. 


(6) When a load test is required and the whole structure is not to be tested, 
the portion of the structure thought to provide the least margin of safety shall be 
selected for loading. Prior to the application of the test load, a load which 
simulates the effect of that portion of the design dead load which is not already 
present shall be applied and shall remain in place until after a decision has been 
made regarding the acceptability of the structure. The test load shall not be 


applied until the structural members to be tested have borne the full design dead 
load for at least 48 hr. 


(c) Immediately prior to the application of the test load, the necessary initial 
readings shall be made for the measurements of deflections (and strains, if these 
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re to be determined) caused by the application of the test load. The members 
lected for loading shall be subjected to a superimposed test load of two times 
1¢ design live load, but not less than 80 psf for floor construction nor less than 
0 psf for roof construction. The superimposed load shall be applied without 
chock to the structure and in a manner to avoid arching of the loading materials. 
Unless otherwise directed by the Building Official, the load shall be distributed 
o simulate the distribution of the load assumed in the design. 


203—Loading and criteria of acceptability 


The test load shall be left in position for 24 hr when readings of the deflections 
shall again be made. The test load shall be removed and additional readings 
of deflections shall then be made 24 hr after the removal of the test load. The 
following criteria shall be used in determining conformity with the load test 
requirements. 

(a) If the structure shows evident failure, the changes or modifications needed 
to make the structure adequate for the rated capacity shall be made; or a lower 
rating may be established. 

(6) Floor and roof construction shall be considered to conform to the load 
test requirements if there is no evidence of failure and the maximum deflection 
does not exceed: 

L? 
12,000 


in which all terms are in the same units. Constructions with greater deflections 


(1) 


shall meet the requirements of subsections (c), (d), and (e). 

(c) The maximum deflection of a floor or roof construction shall not exceed 
the limit in Tab!e 203(c) considered by the Building Official to be appropriate 
for the construction. 


TABLE 203(c)—-MAXIMUM ALLOWABLE DEFLECTION 





Construction Deflection 


. Cantilever beams and slabs L?/1800 t 
. Simple beams and slabs L*/4000 t 
. Beams continuous at one support and slabs continuous at one sup- 
port for the direction of the principal reinforcement L7/9000 t 
. Flat slabs (L — the longer span) L?/10,000 t 
5. Beams and slabs continuous at the supports for the direction of 
the principal reinforcement L*/10,000 t 


(d) The maximum deflection shall not exceed L/180 for a floor construction 


intended to support or to be attached to partitions or other construction likely 
to be damaged by large deflections of the floor. 

(e) Within 24 hr after the removal of the test load the recovery of deflection 
caused by the application of the test load shall be at least 75 percent of the 
maximum deflection if this exceeds L*/12,000 t. However, constructions failing 
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to show 75 percent recovery of the deflection may be retested. The second t 
loading shall not be made until at least 72 hr after the removal of the t 
load for the first test. The maximum deflection in the retest shall conform 
the requirements of Sections 203(c) and (d) and the recovery of deflection sha 
be at least 75 percent. 


204—Supervision 


(a) Concrete work shall be supervised preferably by the engineer or architec 
responsible for its design, or by a competent representative responsible to hin 
A record shall be kept of such supervision, which record shall cover the quality 
and quantity of concrete materials, the mixing and placing of the concrete, th 
placing of the reinforcing steel, and the general progress of the work. When 
the temperature falls below 40 F, a complete record of the temperatures and ot! 
the protection given to the concrete while curing shall be kept. This record 
shall be available for inspection during the progress of the work and _ for 
years thereafter and shall be preserved by the engineer or architect for that 
purpose. 


205—Portland cement 


(a) Portland cement shall conform to “Specifications for Portland Cement” 
(ASTM C 150) or “Specifications for Air-Entraining Portland Cement” (ASTM 
C 175). 


206—Concrete aggregates 


(a) Concrete aggregates shall conform to “Specifications for Concrete Aggr 
gates” (ASTM C33), or to “Specifications for Lightweight Aggregates foi 
Structural Concrete” (ASTM C 330), except that aggregates failing to mect 
these specifications but which have been shown by special test or actual servic 
to produce concrete of the required quality may be used under Section 302(a) 
Method 2, where authorized by the Building Official. 


207—Water 


(a) Water used in mixing concrete shall be clean and free from injurious 
amounts of oils, acids, alkalis, organic materials, or other deleterious substances. 


208—Metal reinforcement 


(a) Reinforcing bars shall conform to the requirements of “Specifications fo 
Billet-Steel Bars for Concrete Reinforcement” (ASTM A 15), “Specifications for 
Rail-Steel Bars for Concrete Reinforcement” (ASTM A 16), “Specifications for 
Axle-Steel Bars for Concrete Reinforcement” (ASTM A 160), or “Specifications 
for Fabricated Steel Bar or Rod Mats for Concrete Reinforcement” (ASTM 
A 184). Deformations on deformed bars shall conform to “Specifications foi 
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(inimum Requirements for the Deformations of Deformed Bars for Concrete 
einforcement” (ASTM A 305). 

(6) Cold-drawn wire or welded wire fabric for concrete reinforcement shall 
nform to the requirements of “Specifications for Cold-Drawn Steel Wire for 
oncrete Reinforcement” (ASTM A 82), or “Specifications for Welded Steel 
Wire Fabric for Concrete Reinforcement” (ASTM A 185). 

(c) Structural steel shall conform to the requirements of “Specifications for 
steel for Bridges and Buildings” (ASTM A7). 

(d) Cast-iron sections for composite columns shall conform to “Specifications 
for Cast Iron Pressure Pipe” (ASTM A 377). 


209—Storage of materials 


(a) Cement and aggregates shall be stored in such a manner as to prevent 


deterioration or intrusion of foreign matter. Any material which has deteriorated 
or which has been damaged shall not be used for concrete. 
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CHAPTER 3—CONCRETE QUALITY AND ALLOWABLE STRESSES 
300—Notation 


fe = compressive unit stress in extreme fiber of concrete in flexure 
compressive strength of concrete at age of 28 days unless otherwis: 
specified 
compressive unit stress in the metal core of a composite column 
tensile unit stress in longitudinal reinforcement; nominal allowab\ 
stress in vertical column reinforcement 
tensile unit stress in web reinforcement 
ratio of modulus of elasticity of steel to that of concrete 
bond stress per unit of surface area of bar 
shearing unit stress 
shearing unit stress permitted on the concrete 


301—Concrete quality 


(a) For the design of reinforced concrete structures, the value of fe’ used for 
determining the allowable stresses as stipulated in Section 305 shall be based on 
the specified minimum 28-day compressive strength of the concrete, or on the 
specified minimum compressive strength at the earlier age at which the concrete 
may be expected to receive its full load. All plans, submitted for approval or used 
on the job, shall clearly show the assumed strength of concrete at a specified 


age for which all parts of the structure were designed. 


(6) Concrete without air entrainment which will be exposed to the action 


of freezing weather shall have a water content not exceeding 6 gal. per sack 
of cement.* 


302—Methods for determining strength of concrete 


(a) The determination of the proportions of cement, aggregate, and wate: 


to attain the required strengths shall be made by one of the following methods: 


Method 1—Without preliminary tests 


Where preliminary test data on the materials to be used in the concrete are not 
available, the water-cement ratio shall not exceed the values shown in Table 302 
(a).t When strengths in excess of 4000 psi are required or when lightweight ag- 
gregates or admixtures (other than those exclusively for the purpose of entraining 


air) are used, the required water-cement ratio shall be determined in accordance 
with Method 2. 


*Detailed recommendations for quality of concrete and requirements for air content for 
various exposures are given in ‘‘Recommended Practice for Selecting Proportions for Con 
crete’ (ACI 613). 

+The tabulated water-cement ratios are more conservative than those given in ACI 613 and 
will generally produce appreciably higher strengths than indicated. 
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TABLE 302(a)—PERMISSIBLE WATER-CEMENT RATIOS FOR CONCRETE 


Maximum permissible water-cement ratio, U.S. 
Specified minimum gal. per 94-lb sack of cement* 
compressive strength at 
28 days, psi Non-air-entrained Air-entrained 
concrete concrete 





8 7% 
7% 64 
6% 514 
414 

4 


*Including free surface moisture on aggregates 


Method 2—With preliminary tests 


Water-cement ratios or strengths greater than shown in Table 302(a) may be 
used provided that the relationship between strength and water-cement ratio for 
the materials to be used has been previously established. Where previous data are 
not available, concrete of proportions and consistency suitable for the work shall 
be made using at least three different water-cement ratios which will produce a 
range in strengths encompassing those required for the work. These tests shall be 
made in accordance with the procedure given in the appendix to “Recommended 
Practice for Selecting Proportions for Concrete’”’ (ACI 613). For each water-cement 
ratio, at least three specimens shall be made and cured in accordance with ‘Method 
of Making and Curing Concrete Compression and Flexure Test Specimens in the 
Laboratory” (ASTM C192) and tested for strength in accordance with “Method 
of Test for Compressive Strength of Molded Concrete Cylinders” (ASTM C 39). 

The strength tests shall be made at 28 days or the earlier age at which the con- 
crete is to receive its full working load, as indicated on the plans. A curve shall be 
established showing the relationship between water-cement ratio and compressive 
strength. The maximum permissible water-cement ratio for the concrete to be used 
in the structure shall be that shown by the curve to produce a strength 15 per- 
cent greater than called for on the plans, except when a lower value of the water 
content is required by Section 301(b). Where different materials are to be used for 
different portions of the work, each combination shall be evaluated separately. 


303—Concrete Proportions and Consistency 


(a) The proportions of aggregate to cement for any concrete shall be such 
as to produce a mixture which will work readily into the corners and angles 
of the forms and around reinforcement with the method of placing employed 
on the work, but without permitting the materials to segregate or excess free 
water to collect on the surface. The combined aggregates shall be of such 
composition of sizes that when separated on the No. 4 standard sieve, the 
weight passing the sieve (fine aggregate) shall not be less than 30 percent 
nor greater than 50 percent of the total, except that these proportions do not 


necessarily apply to lightweight aggregates. 
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(4) The methods of measuring concrete materials shall be such that 
proportions can be accurately controlled and easily checked at any time duri 
the work.* 


304-—Strength tests of concrete 


(a) The Building Official may require a reasonable number of tests to b 
made during the progress of the work. At least three specimens shall be mad 
for each test, and not less than one test shall be made for each 250 cu yd ot 
concrete, but in no case shall there be less than one test for each day’s concreting. 
Samples from which compression test specimens are molded shall be secured 
in accordance with “Method of Sampling Fresh Concrete” (ASTM C172) 
Specimens made to check the adequacy of the design for strength of concret« 
or as a basis for acceptance of concrete shall be made and laboratory cured in 
accordance with “Method of Making and Curing Concrete Compression and 
Flexure Test Specimens in the Field” (ASTM C 31). Additional tests of spccimens 
cured entirely under field conditions may be required by the Building Official 
to check the adequacy of curing and protection of the concrete during cold 
weather. Strength tests shall be made in accordance with “Method of Test for 
Compressive Strength of Molded Concrete Cylinders” (ASTM C 39). 

(6) The age for strength tests shall be 28 days, or, where specified, the earlier 
age at which the concrete is to receive its full working load. Additional tests may 
be made at earlier ages to obtain advance information on the adequacy of strength 
development where age-strength relationships have been established for th: 
materials and proportions used. 

(c) To conform to the requirements of these specifications, the averag: 
strength of the laboratory cured specimens representing each class of concret: 
as well as the average of any five consecutive strength tests representing each 
class of concrete shall be equal to, or greater than, the specified strength, and 
not more than one strength test in ten shall have an average value less than 90 per 
cent of the specified strength. When it appears that tests of laboratory cured cylin 
ders will fail to meet this requirement the Building Official shall have the right 
to order a change in the proportions or the water-cement ratio of the concret« 
sufficient to increase the strength to the specified value. The strengths of cylin 
ders cured on the job are intended to indicate the adequacy of protection and 
curing of the concrete and may be used to determine when forms may be stripped, 
shoring removed, or the structure placed in service. When, in the opinion of 
the Building Official, the strengths of the job cured cylinders are excessivel\ 
below those of the standard cured cylinders, the contractor may be required 
to improve the procedures for protecting and curing the concrete. 

(d) In addition, where there is question as to the quality of the concrete in 
the structure, the Building Official may require tests in accordance with “Method 
of Securing, Preparing and Testing Specimens from Hardened Concrete for 


*Detailed recommendations for proportioning concrete other than lightweight concrete ar 
given in ‘Recommended Practice for Selecting Proportions for Concrete’’ (ACI 613). 
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ompressive and Flexural Strengths” (ASTM C42) or order load tests as out- 
ned in Section 202 for that portion of the structure where the questionable 
oncrete has been placed. 


305—Allowable unit stresses in concrete 


(a) The unit stresses in pounds per square inch on concrete to be used when 
lesigns are made in accordance with Section 601(a) shall not exceed the values 
f Table 305(a) where fe’ equals the minimum specified compressive strength 
it 28 days, or at the earlier age at which the concrete may be expected to receive 
its full load. 


TABLE 305(a)—ALLOWABLE UNIT STRESSES IN CONCRETE 


Allowable unit stre 


For any For strength of concrete 
strength of shown below 


concrete in Maxi * —_ 


mum 
with Section |yajue.| fe = | fe’ fc’ 5 fe’ 


302 psi | 2 2500 | 3000 3750 5000 
psi psi psi 


Description 


accordance 








Extreme fiber stress in compression | fe | | 25 1350 | 
Extreme fiber stress in tension in 
plain concrete footings .... f F 90 


shear: v (as a measure of diagonal) 

tension) 

Beams with no web reinforcement ¢ 0.03f-’ 
Beams with longitudinal bars and 

with either stirrups or properly 

located bent bars .... toa @ 0.08f.’ 
Beams with longitudinal bars and F 

combination of stirrups and bent 

bars (the latter bent up suitably 

to carry at least 0.04f-’...........6. 


Bond: u 
Deformed bars (as defined in Sec- 
tion 104) 
Top barst . * 0.07f" f 24f 245 
In two-way footings (except to 
BOTS) ccicve 0.08f." 
All others .. 0.10f.’ 2 | 350 
Plain bars (as defined in Section 
104) (must be hooked) 
Top bars . | 0.03f-’ 75 105 
In two-way footings (except top 
bars) . 0.036f.-’ 7 { 126 
All others . 0.045f-’ | ‘ 35 158 





Bearing: f. 

On full area 0.25f-" | 938 1250 
On one-third area or lesst ( 0.375f’ 1405 1875 
' 


*See Sections 905 and 809. 

*Top bars, in reference to bond, are horizontal bars so’placed that more than 12 in. of con- 
crete is cast in the member below the bar 

tThis increase shall be permitted only when the least distance between the edges of the 
loaded and unloaded areas is a minimum of one-fourth of the parallel side dimension of the 
loaded area. The allowable bearing stress on a reasonably concentric area greater than one- 
third but less than the full area shall be interpolated between the values given 
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306—Allowable unit stresses in reinforcement 


Unless otherwise provided in this code, steel for concrete reinforcement sha 
not be stressed in excess of the following limits: 

(a) Tension 

(fs = tensile unit stress in longitudinal reinforcement) 

and (fr = tensile unit stress in web reinforcement) 

20,000 psi for rail-steel concrete reinforcing bars, billet-steel concrete rein 
forcing bars of intermediate and hard grades, axle-steel concrete rein 
forcing bars of intermediate and hard grades, and cold-drawn steel wire 
for concrete reinforcement. 

18,000 psi for billet-steel concrete reinforcing bars of structural grade, 
and axle-steel concrete reinforcing bars of structural grade. 

(6) Tension in one-way slabs of not more than 12-ft span 

(fs = tensile unit stress in main reinforcement) 

For the main reinforcement, % in. or less in diameter, in one-way slabs, 50 
percent of the minimum yield point specified in the specifications of the American 
Society for Testing Materials for the particular kind and grade of reinforcement 
used, but in no case to exceed 30,000 psi. 

(c) Compression, vertical column reinforcement 

(fe = nominal allowable stress in vertical column reinforcement) 

Forty percent of the minimum yield point specified in the specifications of the 
American Society for Testing Materials for the particular kind and grade of 
reinforcement used, but in no case to exceed 30,000 psi. 


(f- = allowable unit stress in the metal core of composite and combination 
columns) 


Structural steel sections ; 16,000 psi 
Cast iron sections 10,000 psi 
Steel pipe See limitations of Section 1106(b) 
(d) Compression, flexural members 
For compression reinforcement in flexural members see Section 706(b). 
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CHAPTER 4—MIXING AND PLACING CONCRETE 
01—Preparation of equipment and place of deposit 


(a) Before concrete is placed, all equipment for mixing and transporting 
he concrete shall be cleaned, all debris and ice shall be removed from the spaces 
o be occupied by the concrete, forms shall be thoroughly wetted or oiled, masonry 
filler units that will be in contact with concrete shall be well drenched, and the 
einforcement shall be thoroughly cleaned of ice or other coatings. 

(6) Water shall be removed from place of deposit before concrete is placed 
unless otherwise permitted by the Building Official. 


402—Mixing of concrete* 


(a) All concrete shall be mixed until there is a uniform distribution of the 
materials and shall be discharged completely before the mixer is recharged. 

(6) For job-mixed concrete, mixing shall be done in a batch mixer of ap- 
proved type. The mixer shall be rotated at a speed recommended by the manu- 
facturer and mixing shall be continued for at least 114 min after all materials 
are in the drum. For batches larger than 1 cu yd, mixing time shall be increased 15 
sec for each additional cubic yard or fraction thereof. 

(c) Ready-mixed concrete shall be mixed and delivered in accordance with the 
requirements set forth in “Specifications for Ready-Mixed Concrete” (ASTM 
C94). 


403—Conveying 


(a) Concrete shall be conveyed from the mixer to the place of final deposit by 
methods which will prevent the separation or loss of materials. 

(6) Equipment for chuting, pumping, and pneumatically conveying concrete 
shall be of such size and design as to insure a practically continuous flow of con- 
crete at the delivery end without separation of materials. 


404—Depositing 


(a) Concrete shall be deposited as nearly as practicable in its final position 
to avoid segregation due to rehandling or flowing. The concreting shall be carried 
on at such a rate that the concrete is at all times plastic and flows readily into the 
spaces between the bars. No concrete that has partially hardened or been con- 
taminated by foreign materials shall be deposited on the work, nor shall retem- 
pered concrete be used. 


(6) When concreting is once started, it shall be carried on as a continuous 
operation until the placing of the panel or section is completed. The top surface 
shall be generally level. When construction joints are necessary, they shall be 
made in accordance with Section 508. 


*Detailed recommendations are given in ‘“‘Recommended Practice for Measuring, Mixing, 
and Piacing Concrete’ (ACI 614). 
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(c) All concrete shall be thoroughly compacted by suitable means during 
operation of placing, and shall be thoroughly worked around the reinforcem 
and embedded fixtures and into the corners of the forms. 

(d) Where conditions make compacting difficult, or where the reinforcem 
is congested, batches of mortar containing the same proportions of cement to sa 
as used in the concrete, shall first be deposited in the forms to a depth of at lea 
1 in. 


405—Curing 


(a) In all concrete structures, concrete made with normal portland cement 
shall be maintained in a moist condition for at least the first 7 days after placing 
and high-early-strength concrete shall be so maintained for at least the first 3 days. 


406—Cold weather requirements* 


(a) Adequate equipment shall be provided for heating the concrete materials 
and protecting the concrete during freezing or near-freezing weather. All concret 
materials and all reinforcement, forms, fillers, and ground with which the con 
crete is to come in contact shall be free from frost. No frozen materials or mate: 


ials containing ice shall be used. 


*Details of approved procedures are available in ‘‘Recommended Practice for Winter Cor 
creting’’ (ACI 604). 
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CHAPTER 5—FORMS AND DETAILS OF CONSTRUCTION 
»01—Design of forms 


(a) Forms shall conform to the shape, lines, and dimensions of the members 


s called for on the plans, and shall be substantial and sufficiently tight to prevent 


eakage of mortar. They shall be properly braced or tied together so as to maintain 
position and shape. 


502—Removal of forms 


(a) Forms shall be removed in such manner as to insure the complete safety 
of the structure. Where the structure as a whole is supported on shores, the re- 
movable floor forms, beam and girder sides, column and similar vertical forms 
may be removed after 24 hr provided the concrete is sufficiently hard not to be 
injured thereby. In no case shall the supporting forms or shoring be removed 
until the members have acquired sufhcient strength to support safely their weight 
and the load thereon. The results of suitable control tests may be used as evidence 
that the concrete has attained such sufficient strength. 


503—Conduits, pipes, etc., embedded in concrete 


(a) Electric conduits and other pipes whose embedment is allowed shall not, 
with their fittings, displace that concrete of a column on which stress is calculated 
or which is required for fire protection, to greater extent than 4 percent of the 
area of the cross section. Sleeves or other pipes passing through floors, walls, or 
beams shall not be of such size or in such location as to impair unduly the 
strength of the construction; such sleeves or pipes may be considered as replac- 
ing structurally the displaced concrete, provided they are not exposed to rust- 
ing or other deterioration, are of uncoated iron or steel not thinner than standard 
steel pipe, have a nominal inside diameter not over 2 in., and are spaced not less 
than three diameters on centers. Except when plans of conduits and pipes are 
approved by the structural engineer, embedded pipes or conduits, other than those 
merely passing through, shall not be larger in outside diameter than one-third 
the thickness of the slab, wall, or beam in which they are embedded, nor shall 
they be spaced closer than three diameters on center, nor so located as to impair 
unduly the strength of the construction. Circular uncoated or galvanized electric 
conduit of iron or steel may be considered as replacing the displaced concrete. 

(6) Pipes which will contain liquid, gas, or vapor may be embedded in 
structural concrete under the following conditions: 

(1) The temperature of the liquid, gas, or vapor shall not exceed 150 F, 

(2) The maximum pressure to which any piping or fittings shall be 
subjected shall be 200 psi above atmospheric pressure. 

(3) All piping and fittings shall be tested as a unit for leaks immediately 
prior to concreting. The testing pressure per square inch above atmospheric 
pressure shall be 50 percent in excess of the pressure to which the piping and 
fittings may be subjected but the minimum testing pressure shall be not less 
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than 150 psi above atmospheric pressure. The pressure test shall be held | 
4 hr with no drop in pressure except that which may be caused by 
temperature. 

(4) Pipes carrying liquid, gas, or vapor which is explosive or injurious to 
health shall again be tested as specified in paragraph (3) after the concr 
has hardened. 

(5) No liquid, gas or vapor, except water not exceeding 90 F nor 20 psi 
pressure, is to be placed in the pipes until the concrete has thoroughly set. 

(6) In solid slabs the piping shall be placed between the top and bottom 
reinforcement. 

(7) ‘The concrete covering of the pipes shall be not less than 1 in. 

(8) Reinforcement with an area equal to at least 0.2 percent of the area 
of the concrete section shall be provided normal to the piping. 

(9) The piping and fittings shall be assembled by welding, brazing, 
solder-sweating, or other equally satisfactory method. Screw connections 
shall be prohibited. The piping shall be so fabricated and installed that it will 
not require any cutting, bending, or displacement of the reinforcement from 
its proper location. 

(10) No liquid, gas, or vapor which may be injurious or detrimental 
to the pipes shall be placed in them. 

(11) Drain pipes and other piping designed for pressures of not more 
than 1 psi above atmospheric pressure need not be tested as required in 
paragraph (3) above. 


504—Cleaning and bending reinforcement 


(a) Metal reinforcement, at the time concrete is placed, -shall be free from 
loose rust scale or other coatings that will destroy or reduce the bond. Bends 
for stirrups and ties shall be made around a pin having a diameter not less than 
two times the minimum thickness of the bar. Hooks shall conform to the re 
quirements of Section 906. Bends for other bars shall be made around a pin hav 
ing a diameter not less than six times the minimum thickness of the bar, except 
that for bars larger than 1 in., the pin shall be not less than eight times the 
minimum thickness of the bar. All bars shall be bent cold. 


505—Placing reinforcement 


(a) Metal reinforcement shall be accurately placed and adequately secured 
in position by concrete or metal chairs or spacers. The clear distance between 
parallel bars, except in columns, shall be not less than the nominal diameter of 
the bars, 1; times the maximum size of the coarse aggregate, nor 1 in. Wher 
reinforcement in beams or girders is placed in two or more layers, the clear dis 
tance between layers shall not be less than 1 in., and the bars in the upper layers 
shall be placed directly above those in the bottom layer. 

(6) When wire or other reinforcement, not exceeding 1/4 in. in diameter 
is used as reinforcement for slabs not exceeding 10 ft in span, the reinforcement 
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ay be curved from a point near the top of the slab over the support to a point 
ar the bottom of the slab at midspan; provided such reinforcement is either 
ontinuous over, or securely anchored to the support. 


506—Splices in reinforcement 


(a) In slabs, beams and girders, splices of reinforcement at points of maxi- 
mum stress shall be avoided wherever possible. Such splices where used shall be 
welded, lapped, or otherwise fully developed, but, in any case, shall transfer 
he entire stress from bar to bar without exceeding the allowable bond and shear 
stresses listed in Table 305(a). The minimum overlap for a lapped splice shall 
be 24 bar diameters, but not less than 12 in. for bars. The clear distance between 
bars shall also apply to the clear distance between a contact splice and adjacent 
splices or bars. 


507—Concrete protection for reinforcement 


(a) The reinforcement of footings and other principal structural members 
in which the concrete is deposited against the ground shall have not less than 3 


in. of concrete between it and the ground contact surface. If concrete surfaces 


after removal of the forms are to be exposed to the weather or be in contact with 


the ground, the reinforcement shall be protected with not less than 2 in. of 
concrete for bars larger than #5 and 1/4 in. for #5 bars or smaller. 

(6) The concrete protective covering for reinforcement at surfaces not ex- 
posed directly to the ground or weather shall be not less than *4 in. for slabs and 
walls; and not less than 14 in. for beams, girders, and columns. In concrete 
joist floors in which the clear distance between joists is not more than 30 in., 
the protection of reinforcement shall be at least *4 in. 

(c) If the general code of which this code forms a part specifies, as fire- 
protective covering of the reinforcement, thicknesses of concrete greater than 
those given in this section, then such greater thicknesses shall be used. 

(d) Concrete protection for reinforcement shall in all cases be at least 
equal to the diameter of bars. 

(e) Exposed reinforcing bars intended for bonding with future extensions 
shall be protected from corrosion by concrete or other adequate covering. 


508—Construction joints 


(a) Joints not indicated on the plans shall be so made and located as to least 
impair the strength of the structure. Where a joint is to be made, the surface 
of the concrete shall be thoroughly cleaned and all laitance removed. In addition 
to the foregoing, vertical joints shall be thoroughly wetted, and slushed with a 
coat of neat cement grout immediately before placing of new concrete. 

(6) At least 2 hr must elapse after depositing concrete in the columns or 
walls before depositing in beams, girders, or slabs supported thereon. Beams, 
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girders, brackets, column capitals, and haunches shall be considered as pa 
of the floor system and shall be placed monolithically therewith. 

(c) Construction joints in floors shall be located near the middle of the spa 
of slabs, beams, or girders, unless a beam intersects a girder at this point, 


which case the joints in the girders shall be offset a distance equal to twi 
the width of the beam. In this last case provision shall be made for shear | 
use of inclined reinforcement. 
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CHAPTER 6—DESIGN—GENERAL CONSIDERATIONS 


01—Design methods 


(a) The design of reinforced concrete members shall be made with reference 
, allowable stresses, working loads, and the accepted straightline theory of 
exure except as permitted by Section 601 (b). In determining the ratio n for 

sign purposes, the modulus of elasticity for the concrete shall be assumed as 
100 fe’, and that for steel as 30,000,000 psi. It is assumed that the steel takes all 
the tension stresses in flexural computations. 

(6) The ultimate strength method of design may be used for the design of 
einforced concrete members.* 


602—Design loads 


(a) The provisions for design herein specified are based on the assumpt 
that all structures shall be designed for all dead and live loads coming upon 
them, the live loads to be in accordance with the general requirements of the 
building code of which this forms a part, with such reductions for girders 
and lower story columns as are permitted therein. 


603—Resistance to wind and earthquake forces 


(a) The resisting elements in structures required to resist wind and earth 
quake forces shall be limited to the integral structural parts. 

(6) The moments, shears, and direct stresses resulting from wind or earth- 
quake forces determined in accordance with recognized methods shall be added 
to the maximum stresses which exist at any section for dead and live loads. 

(c) Members subject to stresses produced by wind or earthquake forces 


combined with other loads may be proportioned for unit stresses 33'/; percent 


greater than those specified in Sections 305 and 306, provided that the section 
thus required is not less than that required for the combination of dead and 
live load. 


*For ready reference sce appendix to this code for an abstract of the 
ASCE joint committee on ultimate strength design. 
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CHAPTER 7—FLEXURAL COMPUTATIONS 
700—Notation 


width of rectangular flexural member or width of flanges for T- and 
I- sections 
width of web in T and I flexural members 
depth from compression face of beam or slab to centroid of longitud 
inal tensile reinforcement; the diameter of a round bar 
modulus of elasticity 
moment of inertia of a section about the neutral axis for bending 
span length of slab or beam 

= clear span for positive moment and shear and the average of the two 
adjacent clear spans for negative moment (see Section 701) 
minimum total thickness of slab 
uniformly distributed load per unit of length of beam or per unit area 


of slab 
701—General requirements 


(a) All members of frames or continuous construction shall be designed to 
resist at all sections the maximum moments and shears produced by dead load, 
live load, earthquake and wind load, as determined by the theory of elastic 
frames in which the simplified assumptions of Section 702 may be used. 

(6) Approximate methods of frame analysis are satisfactory for buildings 
of usual types of construction, spans, and story heights. 

(c) In the case of two or more approximately equal spans (the larger of 
two adjacent spans not exceeding the shorter by more that 20 percent) with 
loads uniformly distributed, where the unit live load does not exceed three 
times the unit dead load, design for the following moments and shears is satis 
factory : 

Positive moment 

End spans 


If discontinuous end is unrestrained 


If discontinuous end is integral with the support 


Interior spans 


Negative moment at exterior face of first interior support 


Two spans 


More than two spans 
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egative moment at other faces of interior supports 


‘egative moment at face of all supports for, (a) slabs with 

spans not exceeding 10 ft, and (b) beams and girders 

where ratio of sum of column stiffnesses to beam stiffness 
exceeds eight at each end of the span 


Negative moment at interior faces of exterior supports for 
members built integrally with their supports 


Where the support is a spandrel beam or girder 
Where the support is a column 
Shear in end members at first interior support 
Shear at all other supports 


702—Conditions of design* 


(a) Arrangement of live load 

1. The live load may be considered to be applied only to the floor under 
consideration, and the far ends of the columns may be assumed as fixed. 

2. Consideration may be limited to combinations of dead load on all spans 
with full live load on two adjacent spans and with full live load on alternate 


spans. 
(6) Span length 

1. The span length, /, of members that are not built integrally with their 
supports shall be the clear span plus the depth of the slab or beam but shall not 
exceed the distance between centers of supports. 


2. In analysis of continuous frames, center to center distances, / and 4, may 


be used in the determination of moments. Moments at faces of supports may 


be used for design of beams and girders. 

3. Solid or ribbed slabs with clear spans of not more than 10 ft that are 
built integrally with their supports may be designed as continuous slabs on 
knife edge supports with spans equal to the clear spans of the slab and the 
width of beams otherwise neglected. 

(c) Stiffness 
l. Any reasonable assumption may be adopted for computing the relative 


*For moments in columns see Section 1108 
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stiffness of columns and of floor systems, The assumption made shall be c 
sistent throughout the analysis. 

2. In computing the value of J for relative stiffness of slabs, beams, girde: 
and columns, the reinforcement may be neglected. In T-shaped sections alloy 
ance shall be made for the effect of flange. 


(d) Haunched floor members 


1. The effect of haunches shall be considered both in determining bending 
moments and in computing unit stresses. 
(ce) Limitations 

1. Wherever at any section positive reinforcement is indicated by analysis, 
the amount provided shall be not less than 0.005 4’d except in slabs of uniform 
thickness. (Use 4 instead of 6’ for rectangular flexural members.) 

2. In structural slabs of uniform thickness the minimum amount 
forcement in the direction of the span shall be: 

For structural, intermediate, and hard grades and rail steel 0.0025 ba 

For steel having a minimum yield point of 56,000 psi 0.0020 / 


3. In slabs other than concrete joist construction or flat slabs, the principal 
reinforcement shall be centered not farther apart than three times the slab 
thickness nor more than 18 in. 


703—Depth of beam or slab 


(a) The depth of the beam or slab shall be taken as the distance from th 
centroid of the tensile reinforcement to the compression face of the structural 
members. Any floor finish not placed monolithically with the floor sla‘ shall 
not be included as a part of the structural member. When the finish is placed 
monolithically with the structural slab in buildings of the warehouse or in 
dustrial class, there shall be placed an additional depth of ', in. over that required 


by the design of the member. 


704—Distance between lateral supports 


(a) The clear distance between lateral supports of a beam shall not exceed 
32 times the least width of compression flange. 


705—Requirements for T-beams 


(a) In T-beam construction the slab and beam shall be built integrally or 
otherwise effectively bonded together. The effective flange width to be used in 
the design of symmetrical T-beams shall not exceed one-fourth of the span lengt! 
of the beam, and its overhanging width on either side of the web shall not 
exceed eight times the thickness of the slab nor one-half. the clear distanc« 
to the next beam. 
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b) For beams having a flange on one side only, the effective overhanging 
ige width shall not exceed 1/12 of the span length of the beam, nor six times 
thickness of the slab, nor one-half the clear distance to the next beam. 

(c) Where the principal reinforcement in a slab which is considered as the 

nge of a T-beam (not a joist in concrete joist floors) is parallel to the beam, 
transverse reinforcement shall be provided in the top of the slab. This rein- 

wcement shall be designed to carry the load on the portion of the slab required 
for the flange of the T-beam. The flange shall be assumed to act as a cantilever. 
The spacing of the bars shall not exceed five times the thickness of the flange, 
nor in any case 18 in. 

(d) Provision shall be made for the compressive stress at the support in 
continuous T-beam construction, care being taken that the provisions of Section 
505 relating to the spacing of bars, and 404 (d) relating to the placing of con- 
crete shall be fully met. 

(e) The overhanging portion of the flange of the beam shall not be considered 
as effective in computing the shear and diagonal tension resistance of T-beams. 

(f) Isolated beams in which the T-form is used only for the purpose of 
providing additional compression area, shall have a flange thickness not less 
than one-half the width of the web and a total flange width not more than four 
times the web thickness. 


706—Compression steel in flexural members 


(a) Compression steel in beams or girders shall be anchored by ties or stir- 
rups not less than % in. in diameter spaced not farther apart than 16 bar dia- 
meters, or 48 tie diameters. Such stirrups or ties shall be used throughout the 
distance where the compression steel is required. 

(6) To approximate the effect of creep, the stress in compression reinforce- 
ment resisting bending may be taken at twice the value indicated by using the 


straight-line relation between stress and strain, and the modular ratio given 
in Section 601 (a), but not of greater value than the allowable stress in tension. 


707—Shrinkage and temperature reinforcement 


(a) Reinforcement for shrinkage and temperature stresses normal to the 
principal reinforcement shall be provided in structural floor and roof. slabs 
where the principal reinforcement extends in one direction only. Such rein- 
forcement shall provide for the following minimum ratios of reinforcement 
area to concrete area dt, but in no case shall such reinforcing bars be placed 
farther apart than five times the slab thickness nor more than 18 in. 

Slabs where plain bars are used 0.0025 

Slabs where deformed bars are used 0.0020 

Slabs where wire fabric is used, having welded intersections 

not farther apart in the direction of stress than 12 in. 0.0018 





940 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


708—Concrete joist floor construction 


(a) In concrete joist floor construction consisting of concrete joists and s| 
placed monolithically with or without burned clay or concrete tile fillers, : 
joists shall not be farther apart than 30 in. face to face. The ribs shall 
straight, not less than 4 in. wide, and of a depth not more than three times | 
width. 

(6) When burned clay or concrete tile fillers of material having a unit 
compressive strength at least equal to that of the designed strength of the con- 
crete in the joists are used, the vertical shells of the fillers in contact with the 
joists may be included in the calculations involving shear or negative bending 
moment. No other portion of the fillers may be included in the design calculations. 

(c) The concrete slab over the fillers shall be not less than 114 in. in thick- 
ness, nor less in thickness than 1/12 of the clear distance between joists. 
Shrinkage reinforcement shall be provided in the slab at right angles to the 
joists as required in Section 707. 


(dq) Where removable forms or fillers not complying with Section 708(b) 
are used, the thickness of the concrete slab shall not be less than 1/12 of 
the clear distance between joists and in no case less than 2 in. Such slab shall 
be reinforced at right angles to the joists with at least the amount of rein- 
forcement required for flexure, giving due consideration to concentrations, if 
any, but in no case shall the reinforcement be less than that required by Section 
707. 

(¢) When the finish used as a wearing surface is placed monolithically 
with the structural slab in buildings of the warehouse or industrial class, th: 
thickness of the concrete over the fillers shall be 4 in. greater than the thick- 
ness used for design purposes. 

(f) Where the slab contains conduits or pipes as allowed in Section 503, 
the thickness shall not be less than 1 in. plus the total over-all depth of such 
conduits or pipes at any point. Such conduits or pipes shall be so located as not 
to impair the strength of the construction. 


(g) Shrinkage reinforcement shall not be required in the slab parallel to 
the joists. 


709—Two-way systems with supports on four sides* 


(a) This construction, reinforced in two directions, includes solid reinforced 
concrete slabs; concrete joists with fillers of hollow concrete units or clay tile, 
with or without concrete top slabs; and concrete joists with top slabs placed 


monolithically with the joists. The slab shall be supported by walls or beam 


on all sides and if not securely attached to supports, shall be reinforced as spec 


fied in Section 709(b). 


*The requirements of this section are satisfied by either of the methods of design which f 
low this section. 
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(6) Where the slab is not securely attached to the supporting beams or 

ills, special reinforcement shall be provided at exterior corners in both the 

ttom and top of the slab. This reinforcement shall be provided for a distance 

each direction from the corner equal to one-fifth the longest span. The 
inforcement in the top of the slab shall be parallel to the diagonal from the 
ner. The reinforcement in the bottom of the slab shall be at right angles to 
he diagonal or may be of bars in two directions parallel to the sides of the 
ab. The reinforcement in each band shall be of equivalent size and spacing 

» that required for the maximum positive moment in the slab. 

(c) The slab and its supports shall be designed by approved methods which 
shall take into account the effect of continuity at supports, the ratio of length 
to width of slab and the effect of two-way action. 

(d) In no case shall the slab thickness be less than 4 in. nor less than the 
perimeter of the slab divided by 180. The spacing of reinforcement shall be not 
more than three times the slab thickness and the ratio of reinforcement shall 
be at least 0.0025. 


METHOD 1 
Notation— 
L = length of clear span 

= length of clear span in the direction normal to L 

= ratio of span between lines of inflection to L in the direction of span 
L, when span L only is loaded 
ratio of span between lines of inflection to L, in the direction of span 
L,, when span L, only is loaded 
gL 


gL, 
total uniform load per sq ft 
= total uniform load between opposite supports on slab strip of any width 
or total slab load on beam when considered as one-way construction 
ratio of distance from support to any section of slab or beam, to span 
L or L, 
= bending moment coefficient for one-way construction 
factor modifying bending moments prescribed for one-way construction 
for use in proportioning the slabs and beams in the direction of L of 
slabs supported on four sides 
- ratio of the shear at any section of a slab strip distant +L from the 
support to the total load W on the strip in direction of L 
C, ratio of the shear at any section of a beam distant »L from the support 
to the total load W on the beam in the direction of L 
W,, C,, C,,, C,,, are corresponding values of W, C, C,, C,, for slab strip or 
beam in direction of L, 

(a) Lines of inflection for determination of r—The lines of inflection shall be 
determined by elastic analysis of the continuous structure in each direction, 
when only the span under consideration is loaded. 

When the span L or L, is at least 2/3 and at most 3/2 of the adjacent con- 
tinuous span or spans, the values of g or g, may be taken as 0.87 for exterior 
Spans and 0.76 for interior spans. (See Fig. 1.) 

For spans discontinuous at both ends, g or g, shall be taken as unity. 
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Fig. 1 


(b) Bending moments and shear—Bending moments shall be determined in 
each direction with the coefficients prescribed for one-way construction in 
Sections 701 and 702 and modified by factor C or C, from Tables 1 or 2 


Bending moment for In L direction In L, direction 
slab strip M = CBWL M, —C,BW,L, 
Bending moment for beam M —-(1—C)BWL M, =(1—C,)BW,L 

When the coefficients prescribed in 701(c) are used, the average value of 
Cw or C,w for the two spans adjacent to a support shall be used in determin- 
ing the negative bending moment at the face of the support. 

The shear at any section distant #L or xL, from supports shall be deter- 
mined by modifying the total load on the slab strip or beam by the factors 
C,, C.,, Cy, or C,, taken from Tables 1 or 2 

In L direction In L, direction 
Shear for slab strip V= Cw V,- = C,,W, 
Shear for beam V=C,.w V, = C,,W, 


For spans where the end moments are unbalanced, shear values at any 
section shall be adjusted in accordance with Sections 701 and 702. 
(c) Arrangement of reinforcement 
1. In any panel, the area of reinforcement per unit width in the long 
direction shall be at least one-third that provided in the short direction 
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TABLE 1—SLABS 
Upper figure eo 
Lower figure Cus 
: ; Values of 
0.2 i 3 04 
0.50 | . | 0 30 ‘ 0.10 
0.00 | 0 Of 0 090 
 —_ | 36 0.27 0.09 
0 06 0 02 0 00 
0.43 3 0.23 5 0.07 
0.07 0 0 00 
0.41 a 0.20 0.05 
0.09 .05 | 0 OF 000 
0.39 0.2 0.18— 0.04 
0.11 .06 0.05 0.00 
0.37 ~ 0.26 , 0.16 0.09 0.03 
0.13 0 0.01 0.00 
0.33 2 l 0.13 0.07 0.02 
0.17 | 0.96 0.02 0.00 
0.29 ¢ 0.11 | 0.05 001 
0.21 i 0.07 0.03 001 
0.25 } 0.09 0.04 0.01 
0.25 .16 0.09 0 04 001 
0.21 Bt | 0.07 0.03 0.01 
0.29 | ¢ 0 0.05 001 





0.18 0.06 0.02 0.00 
0 32 2 0.13 | 0.06 0.02 


0.16 0.05 0.02 0.00 
034 2 0 0.07 0.03 

0.13 . 0.04 0.02 0.00 
0.37 2 0 16 0.09 0.03 


0.11 7 0.04 0.01 0.00 
0 39 27 0.17 0.10 0.04 


0.10 5 0.03 0.01 0.00 
0.40 Zs 0.1 0.11 0.05 


| 0.07 . 0.02 0.01 0.00 
0.55 | 0.43 3: 0.23 | 0.15 | 0.07 0 


| 0.06 is 0.02 0.00 0.00 06 
0.50 | 0.44 , : 0.18 0.09 0 


| 0.00 ’ 0.00 0.00 00 
0.00 | 0.50 £ 0.20 0.10 1 00 


2. The area of positive moment reinforcement adjacent to a continuous 
edge only and for a width not exceeding one-fourth of the shorter dimension 
of the panel may be reduced 25 percent. 

3. At a noncontinuous edge the area of negative moment reinforcement 
per unit width shall be at least one-half of that required for maximum posi- 
tive moment. 


METHOD 2 


Notation— 
C = moment coefficient for two-way slabs as given in Table 3 
m ratio of short span to long span for two-way slabs 
8 length of short span for two-way slabs. The span shall be considered 
as the center-to-center distance between supports or the clear span 
plus twice the thickness of slab, whichever value is the smaller. 
= total uniform load per sq ft 


Limitations—A two-way slab shall be considered as consisting of strips 
each direction as follows: 
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TABLE 2—BEAMS 


Upper figure Ur 
Lower figure Co 








| Vaives ot x 
r | re es yp eee oe 


0.00 0.00 | 0.00 








| l 0.00 60 ~| 
| 0.40 | 0.30 | 0.20 0.10 
| 0. 0.04 0.03 ~~) —Ctsté‘«idwD ~~ 9.01 zz 








0.37 0.28 | 0.20 | 0.10 | 
0.07 =| 007 0.06 | oo | 
0.36 0.28 | 0.19|  — 0.10 
0.10 010 | #008 | 005 | 
0.35 0.27 0.19 | 0.10 

ae i m8 ~~ 0.10 0.06 
0.34 0.27 | 0.19 0.10 
0.14 ] 0.14 0.11 0.07 
0.32 0 26 0.19 | 0.10 | | 
—_-'| sae | Of |- Go 
0.30 | 0.24 0.18 | 0.10 
0.21 0.19 a |. on. 
0.27 0.23 0.17 | 0.09 | 




















0.29 





0.25 0.24 l 0.21 0.16 l 0.09 
0.25 | 0.24 0.16 | 0.09 


| 
0.29 | 0.27 ) ya a 
| 





’ 17 
0.21 0.21 0.15 0.09 
0.32 0.29 l 0.18 =| 0.10 p 
0.18 0.19 | 0.14 0.08 | 
.34 | 0.30 ] ’ 0.18 a 
0.16 | 0.17 0.13 | 0.07 | 
0.37 0.32 018 | 010 | 
0.13 | 0.15 | 0.14 | 011| 007 | . 
0.39 l 0.33 0.26 l 0.19 0.10 0.86 
0.11 0.13 0.13 0.10 | 0.06 | 0.39 
.* 0.88 
0.05 0.34 
| 0.92 
0.03 0.21 




















0.10 0.11 | 0.11 0.09 | =< 
0.43 —_— ) << | = | ens 
0.07 007 | 0.07 | 0.05 | 





0.55 


| 0.40 om | om | om | 





l 0.44 0.37 0.28 - 0 at O80 | Gol 

0.50 | 0.06 0.04 | 0.03 | 0.02 | 0.01; O11 
0.50 | 0.40 ~| 0.30 0.20 0.10 1.00 

0.00 0.00 | 0.00 | 0.00 | 0.00 0.00 0.00 











A middle strip one-half panel in width, symmetrical about panel center- 
line and extending through the panel in the direction in which moments 
are considered. 

A column strip one-half panel in width, occupying the two quarter-panel 
areas outside the middle strip. 

Where the ratio of short to long span is less than 0.5, the middle strip 
in the short direction shall be considered as having a width equal to the 
difference between the long and short span, the remaining area represent- 
ing the two column strips. 

The critical sections for moment calculations are referred to as principal 
design sections and are located as follows: 

For negative moment, along the edges of the panel at the faces of the 
supporting beams. 

For positive moment, along the centerlines of the panels. 


(b) Bending moments—The bending moments for the middle strips shall be 
computed from the formula 


M = CwS? 
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The average moments per foot of width in the column strip shall be two- 
thirds of the corresponding moments in the middle strip. In determining the 
spacing of the reinforcement in the column strip, the moment may be assumed 
to vary from a maximum at the edge of the middle strip to a minimum at 
the edge of the panel. 

Where the negative moment on one side of a support is less than 80 per- 
cent of that on the other side, two-thirds of the difference shall be distributed 
in proportion to the relative stiffnesses of the slabs. 


TABLE 3—MOMENT COEFFICIENTS 





Short span 
Moments Values of m 
0.8 0.7 0.6 0.5 
| land less 











Case 1—Interior panels | 
Negative moment at— 
Continuous edge t . 0.055 0.063 0.083 
Discontinuous edge — — 
Positive moment at midspan : 0.041 0.062 
Case 2—One edge discontinuous 
Negative moment at— 
Continuous edge | 
Discontinuous edge 
Positive moment at midspan 


Case 3—Two edges discontinuous 

Negative moment at— 
Continuous edge 

Discontinuous edge | 

Positive moment at midspan | 

Case 4—Three edges discontinu- | 

ous | 

| 

} 

| 

| 

| 

















Negative moment at— 
Continuous edge 
Discontinuous edge 

Positive moment at midspan 

Case 5—Four edges discontinu- | 
ous 

Negative moment at— | 
Continuous edge : — — 
Discontinuous edge | 0.033 | 0.038 | 0.043 0.047 

Positive moment at midspan 0.050 | 0.057 | 0.064 | 0.072 


0.029 
0.044 

















| 
| 


(c) Shear—tThe shearing stresses in the slay may be computed on the assump- 
tion that the load is distributed to the supports in accordance with (d). 


(d) Supporting beams—The loads on the supporting beams for a two-way 
rectangular panel may be assumed as the load within the tributary areas of 
the panel bounded by the intersection of 45-deg lines from the corners with 
the median line of the panel parallel to the long side. 

The bending moments may be determined approximately by using an equiv- 
alent uniform load per lineal foot of beam for each panel supported as 
follows: 

ws 
For the short span: > - 


wS (3—m?*) 
For the long span: —— - we 
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CHAPTER 8—SHEAR AND DIAGONAL TENSION 
800—Notation 


A, = total area of web reinforcement in tension within a distance ot 
(measured in a direction parallel to that of the main reinforcemen 
or the total area of all bars bent up in any one plane 

= angle between inclined web bars and axis of beam 
width of rectangular flexural member or width of flange for T- and 
]-sections 
width of web in T and I flexural members 
depth from compression face of beam or slab to centroid of longi 
tudinal tensile reinforcement 
compressive strength of concrete at age of 28 days unless otherwise 
specified 
= tensile unit stress in web reinforcement 
ratio of distance between centroid of compression and centroid of 
tension to the depth d 
spacing of stirrups or of bent bars in a direction parallel to that of the 
main reinforcement 
v = shearing unit stress 
V = total shear 
V’ = total shear carried by the web reinforcement 


801—Shearing unit stress 


(a) The shearing unit stress v, as a measure of diagonal tension, in reinforced 
concrete flexural members shall be computed by formula (2) : 


(2) 


(b) For beams of I- or T- section, 6’ shall be substituted for 4 in formula (2). 

(c) In concrete joist floor construction, where burned clay or concrete tile 
are used, 5’ may be taken as a width equal to the thickness of the concrete web 
plus the thickness of the vertical shells of the concrete or burned clay tile in 
contact with the joist as in Section 708(b). 

(d) Wherever the value of the shearing unit stress computed by formula (2) 
exceeds the shearing unit stress ve permitted on the concrete of an unreinforced 
web (see Section 305), web reinforcement shall be provided to carry the excess. 
Such reinforcement shall also be provided for a distance equal to the depth, d, 
of the member beyond the point theoretically required. 

(e) Where continuous or restrained beams or frames do not have a slab s 
cast as to provide T-beam action, the following provisions shall apply. Web 
reinforcement shall be provided from the support to a point beyond the extreme 
position of the point of inflection a distance equal to either 1/16 of the clea: 
span or the depth of the member, whichever is greater, even though the shearing 
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it stress does not exceed we. Such reinforcement shall be designed to carry 
least two-thirds of the total shear at the section. Web reinforcement shall be 
ovided sufficient to carry at least two-thirds of the total shear at a section 
| which there is negative reinforcement. 


802—Types of web reinforcement 


(a) Web reinforcement may consist of: 

1. Stirrups or web reinforcing bars perpendicular to the longitudinal 
steel. 

2. Stirrups or web reinforcing bars welded or otherwise rigidly attached 
to the longitudinal steel and making an angle of 30 deg or more thereto. 

3. Longitudinal bars bent so that the axis of the inclined portion of the 
bar makes an angle of 15 deg or more with the axis of the longitudinal 
portion of the bar. 

4. Special arrangements of bars with adequate provisions to prevent 
slip of bars or splitting of the concrete by the reinforcement [see Section 
804(f) }. 

(6) Stirrups or other bars to be considered effective as web reinforcement 
shall be anchored at both ends, according to the provisions of Section 904. 


803—Stirrups 


(a) The area of steel required in stirrups placed perpendicular to the 
longitudinal reinforcement shall be computed by formula (3). 
V's 
A, = — (3) 
frjd 
(6) Inclined stirrups shall be proportioned by formula (5) [Section 804(d) ]. 
(c) Stirrups placed perpendicular to the longitudinal reinforcement shall not 
be used alone as web reinforcement when the shearing unit stress, v, exceeds 
0.08f- or 240 psi. 


804—Bent bars 


(a) Only the center three-fourths of the inclined portion of any longitudinal 
bar that is bent up for web reinforcement shall be considered effective for that 
purpose, and such bars shall be bent around a pin having a diameter not less 
than six times the bar size. 

(6) When the web reinforcement consists of a single bent bar or of a single 
group of parallel bars all bent up at the same distance from the support, the 
required area of such bars shall be computed by formula (4). 

y’ 
Ay = (4) 
fe sin @ 

(c) In formula (4), V’ shall not exceed 0.04 fe'bjd, or 120 djd. 

(d) Where there is a series of parallel bars or groups of bars bent up at 
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different distances from the support, the required area shall be determined }, 
formula (5). 
V's 

fojd (sin @ + cos a) 

(e) When bent bars, having a radius of bend of at least six bar diameters a1 
used alone as web reinforcement, they shall be so spaced that the effective inclined 
portion described in Section 804(a) meets the requirements of Section 806, and 
the allowable shearing unit stress shall not exceed 0.08 fe’ nor 240 psi. 

(f) The shearing unit stress permitted when special arrangements of bars 
are employed shall be that determined by making comparative tests, to destruc 
tion, of specimens of the proposed system and of similar specimens reinforced 
in conformity with the provisions of this code, the same factor of safety being 
applied in both cases. 





v 


805—Combined web reinforcement 


(a) Where more than one type of reinforcement is used to reinforce the 
same portion of the web, the total shearing resistance of this portion of the web 
shall be assumed as the sum of the shearing resistances computed for the various 
types separately. In such computations the shearing resistance of the concrete 
shall be included only once, and no one type of reinforcement shall be assumed 
to resist more than 2V’/3. 


806—Maximum spacing of web reinforcement 


(a) Where web reinforcement is required it shall be so spaced that every 
45-deg line (representing a potential crack) extending frorf the middepth of 
the beam to the longitudinal tension bars shall be crossed by at least one line 
of web reinforcement. If a shearing unit stress in excess of 0.06 fc’ is used, 
every such line shall be crossed by at least two such lines of web reinforcement. 


807—Minimum web reinforcement 


Where web reinforcement is required, the amount used shall be not less than 
0.15 percent of the area computed as the product of the width of the member 
at middepth and the horizontal spacing of the web reinforcement. 


808—Shearing stresses in flat slabs [see Section 1002(c)]| 
809-—Shear and diagonal tension in footings 


(a) In isolated footings the shearing unit stress computed by formula (2) 
on the critical section [see Section 1205(a)] shall not exceed 0.03 fe’ nor in 
any case shall it exceed 75 psi. 
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CHAPTER 9—BOND AND ANCHORAGE 
900—Notation 


d = depth from compression face of beam or slab to centroid of longi- 

cudinal tensile reinforcement 
= compressive strength of concrete at age of 28 days unless otherwise 

specified 
ratio of distance between centroid of compression and centroid of 
tension to the depth d 
sum of perimeters of bars in one set 
bond stress per unit of surface area of bar 
total shear 


901—Computation of bond stress in beams 


(a) In flexural members in which the tensile reinforcement is parallel to 
the compression face, the bond stress at any cross section shall be computed 
by formula (6). 

Vv 

“> — (6) 

Lojd 
in which V is the shear at that section and Xo is taken as the perimeter of all 
effective bars crossing the section on the tension side. Bent-up bars that are 
not more than d/3 from the level of the main longitudinal reinforcement may 
be included. Critical sections occur at the face of the support, at each point 
where tension bars terminate within a span, and at the point of inflection. 

(6) Bond shall be similarly computed on compressive reinforcement, but 
the shear used in computing the bond shall be reduced in the ratio of the 
compressive force assumed in the bars to the total compressive force at the 
section. Anchorage shall be provided by embedment past the section to develop 
the assumed compressive force in the bars at the bond stress in Table 305(a). 

(c) Adequate end anchorage shall be provided for the tensile reinforcement 
in all flexural members to which formula (6) does not apply, such as sloped, 
stepped or tapered footings, brackets or beams in which the tensile reinforcement 
is not parallel to the compression face. 


902—Anchorage requirements 


(a) Tensile negative reinforcement in any span of a continuous, restrained or 
cantilever beam, or in any member of a rigid frame shall be adequately anchored 
by bond, hooks, or mechanical anchors in or through the supporting member. 


Within any such span every reinforcing bar, except in a lapped splice, whether 
required for positive or negative reinforcement, shall be extended at least 12 
diameters beyond the point at which it is no longer needed to resist stress. At least 
one-third of the total reinforcement provided for negative moment at the support 
shall be extended beyond the extreme position of the point of inflection a distance 
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sufficient to develop by bond one-half the allowable stress in such bars, not |; 
than 1/16 of the clear span length, or not less than the depth of the memb: 
whichever is greater. The tension in any bear at any section must be properly dev: 
oped on each side of the section by hook, lap, or embedment (see Section 905). |! 
preferred, the bar may be bent across the web at an angle of not less than 15 deg 
with the longitudinal portion of the bar and be made continuous with the rx 
inforcement which resists moment of opposite sign. 

(6) Of the positive reinforcement in continuous beams not less than on¢ 
fourth the area shall extend along the same face of the beam into the support a 
distance of 6 in. 

(c) In simple beams, or at the freely supported end of continuous beams, at 
least one-third the required positive reinforcement shall extend along the same 
face of the beam into the support a distance of 6 in. 


903—Plain bars in tension 


Plain bars in tension shall terminate in standard hooks except that hooks shall 


not be required on the positive reinforcement at interior supports of continuous 
members. 


904—Anchorage of web reinforcement 


(a) The ends of bars forming simple U- or multiple stirrups shall be anchored 


by one of the following methods: 


1. By a standard hook, considered as developing 10,000 psi, plus embedment 
sufficient to develop by bond the remaining stress in the bar at the unit stress 
specified in Table 305(a). The effective embedded length of a stirrup leg shall 
be taken as the distance between the middepth of the beam and the tangent of 


the hook. 


2. Welding to longitudinal reinforcement. 


3. Bending tightly around the longitudinal reinforcement through at least 
180 deg. 

4. Embedment above or below the middepth of the beam on the compression 
side, a distance sufficient to develop the stress to which the bar will be subjected 
at a bond stress of not to exceed 0.045 fc’ on plain bars nor 0.10 fc’ on deformed 
bars, but, in any case, a minimum of 24 bar diameters. 


(4) Between the anchored ends, each bend in the continuous portion of a U- 
or multiple U-stirrup shall be made around a longitudinal bar. 


(c) Hooking or bending stirrups around the longitudinal reinforcement shall 
be considered effective only when these bars are perpendicular to the longitudinal 
reinforcement. 

(d) Longitudinal bars bent to act as web reinforcement shall, in a region of 
tension, be continuous with the longitudinal reinforcement. The tensile stress in 
each bar shall be fully developed in both the upper and the lower half of the beam 
as specified in Section 904(a)1 or 904 (a)4. 
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(e) In all cases web reinforcement shall be carried as close to the c mpression 
irface ot the beam as fireproofing regulations and the proximity of other steel 
vill permit. 


905—Anchorage of bars in footing slabs 


(a) Plain bars in footing slabs shall be anchored by means of standard hooks. 
The outer faces of these hooks and the ends of deformed bars shal! be not less 
than 3 in. nor more than 6 in. from the face of the footing. 


906—Hooks 


(a) The terms “hook” or “standard hook” as used herein shall mean either 
1. A complete semicircular turn with a radius of bend on the axis of the 
bar of not less than three and not more than six bar diameters, plus an exten- 
sion of at least four bar diameters at the free end of the bar, or 
2. A 90-deg bend having a radius of not less than four bar diameters plus 
an extension of 12 bar diameters, or 
3. For stirrup anchorage only, a 135-deg turn with a radius on the axis of 
the bar of three diameters plus an extension of at least six bar diameters at 
the free end of the bar. 
Hooks having a radius of bend of more than six bar diameters shall be con- 
sidered merely as extensions to the bars. 
(6) No hook shall be assumed to carry a load which would produce a tensile 
stress in the bar greater than 10,000 psi. 


(c) Hooks shall not be considered effective in adding to the compressive re 
sistance of bars. 


(d) Any mechanical device capable of developing the strength of the bar with- 
out damage to the concrete may be used in lieu of a hook. Tests must be presented 
to show the adequacy of such devices. 
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CHAPTER 10—FLAT SLABS WITH SQUARE OR RECTANGULAR PANELS 
1000—Notation 


A = distance in the direction of span from center of support to the inte: 
section of the centerline of the slab thickness with the extreme 45-dey 
diagonal line lying wholly within the concrete section of slab and 
column or other support, including drop panel, capital and bracket 
width of section 
effective support size [see Section 1004(c) | 
depth from compression face of beam or slab to centroid of tensile 
reinforcement 
compressive strength of concrete at age of 28 days unless otherwise 
specified 
story height in feet of the column or support of a flat slab center to 
center of slabs 
ratio of distance between centroids of compression and tension to 
depth d 

= span length of a flat slab panel center to center of supports 
numerical sum of assumed positive and average negative moments 
at the critical design sections of a flat slab panel [see Section 1004(f)1| 
thickness of slab in inches at center of panel 
thickness in inches of slabs without drop panels, or through drop 
panel, if any 
thickness in inches of slabs with drop panels at points beyond the 
drop panel 

v = shearing unit stress 

V = total shear 

w’ = uniformly distributed unit dead and live load 

W total dead and live load on panel 

W> = total dead load on panel 
Wz = total live load on panel, uniformly distributed 


1001—Definitions and scope 


(a) Flat slab—A concrete slab reinforced in two or more directions, generally 
without beams or girders to transfer the loads to supporting members. Slabs with 
recesses or pockets made by permanent or removable fillers between reinforcing 
bars may be considered flat slabs. Slabs with paneled ceilings may be considered 
as flat slabs provided the panel of reduced thickness lies entirely within the area 
of intersecting middle strips, and is at least two-thirds the thickness of the re 
mainder of the slab, exclusive of the drop panel, and is not less than 4 in. thick. 

(6) Column capital—An enlargement of the end of a column designed and 
built to act as an integral unit with the column and flat slab. No portion of the 
column capital shall be considered for structural purposes which lies outside of 
the largest right circular cone with 90-deg vertex angle that can be included with- 
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in the outlines of the column capital. Where no capital is used, the face of the 
column shall be considered as the edge of the capital. 
(c) Drop panel—The structural portion of a flat slab which is thickened 
throughout an area surrounding the column, column capital, or bracket. 
(d) Panel strips—A flat slab shall be considered as consisting of strips in each 
direction as follows: 
A middle strip one-half panel in width, symmetrical about panel centerline. 
A column strip consisting of the two adjacent quarter-panels either side of 
the column centerline. 


1002—Design procedures 


(a) Methods of analysis—All flat slab structures shall be designed in accord- 
ance with a recognized elastic analysis subject to the limitations of Sections 1002 
and 1003, except that the empirical method of design given in Section 1004 may 
be used for the design of flat slabs conforming with the limitations given therein. 
Flat slabs within the limitations of Section 1004, when designed by elastic analy- 
sis, may have resulting analytical moments reduced in such proportion that the 
numerical sum of the positive and average negative bending moments used in 
design procedure need not exceed Mo as specified under Section 1004(f). 

(4) Critical sections—The slab shall be proportioned for the bending moments 
prevailing at every section except that the slab need not be proportioned for a 
greater negative moment than that prevailing at a distance A from the support 
centerline. 


(c) Size and thickness of slabs and drop panels 
1. Subject to limitations of Section 1002(c)3, the thickness of a flat slab 
and the size and thickness of the drop panel, where used, shall be such that the 


compressive stress due to bending at any section, and the shear about the 


column, column capital, and drop panel shall not exceed the unit stresses al- 


lowed in concrete of the quality used. When designed under Section 1004, 
three-fourths of the width of the strip shall be used as the width of the section 
in computing compression due to bending, except that on a section through 
a drop panel, three-fourths of the width of the drop panel shall be used. 
Account shall be taken of any recesses which reduce the compressive area. 

2. The shearing unit stress on vertical sections which follow a periphery, 
b, at distance, d, beyond the edges of the column or column capital and par 
allel or concentric with it, shall not exceed the following values for the con- 
crete when computed by the formula 

V 


v —S— 


bid 


a. 0.03 f-’ but not more than 100 psi when at least 50 percent of the total 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE May 195 


negative reinforcement required for bending in the column strip pass« 
through the periphery. 

b. 0.025 fe’ but not more than 85 psi when 25 percent, which is the leas 
value permitted, of the total negative reinforcement required for bending 
in the column strip passes through the periphery. 

c. Proportionate values of the shearing unit stress for intermediate percent 
ages of reinforcement. 

3. Where drop panels are used, the shearing unit stress on vertical sections 
which lie at a distance, d, beyond the edges of the drop panel, and parallel 
with them, shall not exceed 0.03 fc’ nor 100 psi. At least 50 percent of the total 
negative reinforcement required for bending in the column strip shall be 
within the width of strip directly above the drop panel. 

4. Slabs with drop panels whose length is at least one-third the parallel 
span length and whose projection below the slab is at least one-fourth the 
slab thickness shall be not less than L/40 nor 4 in. in thickness. 

Slabs without drop panels as described above shall be not less than L/36 nor 
> in. in thickness. 

5. For determining reinforcement, the thickness of the drop panel below 
the slab shall not be assumed to be more than one-fourth of the distance from 
the edge of the drop panel to the edge of the column capital. 


(d) Arrangement of slab reinforcement 
1. The spacing of the bars at critical sections shall not exceed two times 
the slab thickness, except for those portions of the slab area which may be of 
cellular or ribbed construction. In the slab over the cellular spaces, reinforce 
ment shall be provided as required by Section 707. ; 

2. In exterior panels, except for bottom bars adequately anchored in the 
drop panel, all positive reinforcement perpendicular to the discontinuous 
edge shall extend to the edge of the slab and have embedment, straight or 
hooked, of at least 6 in. in spandrel beams, walls, or columns where provided. 
All negative reinforcement perpendicular to the discontinuous edge shall be 
bent, hooked, or otherwise anchored in spandrel beams, walls, or columns. 

3. The area of reinforcement shall be determined from the bending mo- 
ments at the critical sections but shall not be less than 0.0025 4d at any section. 

4. Required splices in bars may be made wherever convenient, but pre- 
ferably away from points of maximum stress. The length of any such splice 
shall be at least 36 bar diameters. 


(¢) Openings in flat slabs—Openings of any size may be provided in flat slabs 
if provision is made for the total positive and negative moments and for shear 
without exceeding the allowable stresses except that when design is based on 
Section 1004, the limitations given therein shall not be exceeded. 


(f) Design of columns 


1. All columns supporting flat slabs shall be designed as provided in 
Chapter 11 with the additional requirements of this chapter. 
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1003—Design by elastic analysis 


(a) Assumptions—In design by elastic analysis the following assumptions may 
ve used and all sections shall be proportioned for the moments and shears thus 
btained. 

1. The structure may be considered divided into a number of bents, each 
consisting of a row of columns or supports and strips of supported slabs, each 
strip bounded laterally by the centerline of the panel on either side of the 
centerline of columns or supports. The bents shall be taken longitudinally 
and transversely of the building. 

2. Each such bent may be analyzed in its entirety; or each floor thereof 
and the roof may be analyzed separately with its adjacent columns as they 
occur above and below, the columns being assumed fixed at their remote ends. 
Where slabs are thus analyzed separately, it may be assumed in determining 
the bending at a given support that the slab is fixed at any support two 
panels distant therefrom beyond which the slab continues. 

3. The joints between columns and slabs may be considered rigid, and 
this rigidity (infinite moment of inertia) may be assumed to extend in the 
slabs from the center of the column to the edge of the capital, and in the 
column from the top of slab to the bottom of the capital. The change in 
length of columns and slabs due to direct stress, and deflections due to shear, 
may be neglected. 

4. Where metal column capitals are used, account may be taken of their 
contributions to stiffness and resistance to bending and shear. 

5. The moment of inertia of the slab or column at any cross section may 
be assumed to be that of the cross section of the concrete. Variation in the 
moments of inertia of the slabs and columns along their axes shall be taken 
into account. 

6. Where the load to be supported is definitely known, the structure shall 
be analyzed for that load. Where the live load is variable but does not exceed 
three-quarters of the dead load, or the nature of the live load is such that all 
panels will be loaded simultaneously, the maximum bending may be assumed 
to occur at all sections under full live load. For other conditions, maximum 
positive bending near midspan of a panel may be assumed to occur under full 
live load in the panel and in alternate panels; and maximum negative bend- 
ing in the slab at a support may be assumed to occur under full live load in 
the adjacent panels only. 


(4) Critical sections—The critical section for negative bending, in both the 
column strip and middle strip, may be assumed as not more than the distance A 
from the center of the column or support and the critical negative moment shall 
be considered as extending over this distance. 


(c) Distribution of panel moments—Bending at critical sections across the slabs 
of each bent may be apportioned between the column strip and middle strip, as 


given in Table 1003(c). For design purposes, any of these percentages may be 
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TABLE 1003(c)—DISTRIBUTION BETWEEN COLUMN STRIPS AND 
MIDDLE STRIPS IN PERCENT OF TOTAL MOMENTS AT CRITICAL 
SECTIONS OF A PANEL 








Moment section 





Negative moment at 
exterior support 





Slab sup- 
ported on 
reinforced 
Slab sup- concrete 
Negative ported on bearing 
moment at Positive columns and | wall or 
interior moment on beams of | columns 
support total depth with beams 
equal to the | of total 
slab thick- depth equal 
ness* or greater 
than 3 times 
| the slab 
thickness* 








Column strip 








Middle strip _ 





Total depth 
of beam 
Half column equal to 
strip ad- slab thick- 


ness* 
jacent and 7 


parallel Total depth 
to marginal of beam or 
beam or wall | wall equal 

or greater 
than 3 times 
slab thickness* 

















*Interpolate for intermediate ratios of beam depth to slab thickness. 
Note: The total dead and live load reaction of a panel adjacent to a marginal beam or wall 
may be divided between the beam or wall and the parallel half column strip in proportion to 
their stiffnesses, but the moment provided in the slab shall not be less than given in Table 
1003(c). 


varied by not more than 10 percent of its value, but their sum for the full panel 
width shall not be reduced. 


1004—Design by empirical method 


(a) General limitations—Flat slab construction may be designed by the em- 
pirical provisions of this section when they conform to all of the limitations on 
continuity and dimensions given herein. 


1. The construction shall consist of at least three continuous panels in each 
direction. 


2. The ratio of length to width of panels shall not exceed 1.33. 

3. The grid pattern shall consist of approximately rectangular panels. The 
successive span lengths in each direction shall differ by not more than 20 per- 
cent of the longer span. Within these limitations, columns may be offset a 
maximum of 10 percent of the span, in direction of the offset, from either axis 


between centerlines of successive columns. 
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4. The calculated lateral force moments from wind or earthquake may be 
combined with the critical moments as determined by the empirical method, 
and the lateral force moments shall be distributed between the column and 
middle strips in the same proportions as specified for the negative moments 
in the strips for structures not exceeding 125 ft high with maximum story 


height not exceeding 12 ft 6 in. 
(6) Columns 


1. The minimum dimension of any column shall be 10 in. For columns or 


other supports of a flat slab, the required minimum average moment of 


inertia, Jc, of the gross concrete section of the columns above and below the 
slab shall be determined from the following formula, and shall be not less 
than 1000 in.* If there is no column above the slab, the /c of the column below 
shall be twice that given by the formula with a minimum of 1000 in.* 
fH 
Wo 
05+— 


Wi 


I. = 


where ¢ need not be taken greater than f: or fz as determined in Section 
1004 (d), H is the average story height of the columns above and below the 


slab, and Wz is the greater value of any two adjacent spans under consider- 


ation. 
2. Columns supporting flat slabs designed by the empirical method shall 
be proportioned for the bending moments developed by unequally loaded 


panels, or uneven spacing of columns. Such bending moment shall be the 


maximum value derived from 


1 
(WLi ‘er W dLz) " 


Li and Lz being lengths of the adjacent spans (Lz = 0 when considering 
an exterior column) and f is 30 for exterior and 40 for interior columns. 
This moment shall be divided between the columns immediately above 
and below the floor or roof line under consideration in direct proportion to 
their stiffness and shall be applied without further reduction to the critical 


sections of the columns. 
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(c) Determination of “c” (effective support size) 

1. Where column capitals are used, the value of ¢ shall be taken as th 
diameter of the cone described in Section 1001(b) measured at the bottom « 
the slab or drop panel. 

2. Where a column is without a concrete capital, the dimension c¢ shall bx 
taken as that of the column in the direction considered. 

3. Brackets capable of transmitting the negative bending and the shear in 
the column strips to the columns without excessive unit stress may be sub- 
stituted for column capitals at exterior columns. The value of ¢ for the span 
where a bracket is used shall be taken as twice the distance from the center 
of the column to a point where the bracket is 114, in. thick, but not more than 
the thickness of the column plus twice the depth of the bracket. 

4. Where a reinforced concrete beam frames into a column without cap- 
ital or bracket on the same side with the beam, for computing bending for 
strips parallel to the beam, the value of ¢ for the span considered may be 
taken as the width of the column plus twice the projection of the beam above 
or below the slab or drop panel. 

5. The average of the values of ¢ at the two supports at the ends of a 
column strip shall be used to evaluate the slab thickness f: or fz as prescribed 
in Section 1004(d). 

(d) Slab thickness 

1. The slab thickness, span L being the longest side of the panel, shall be 
at least: 

L/36 for slab without drop panels conforming with Section 1004(e), or 

where a drop panel is omitted at any corner of the panel, but not less than 
5 in. nor #1 as given below. 

L/40 for slabs with drop panels conforming to Section 1004(e) at all sup- 

ports, but not less than 4 in. nor fz as given below. 

2. The total thickness, #:, in inches, of slabs without drop panels, or 

through the drop panel if any, shall be at least 


2 ar aa 
i = 0028 ( l1-— —— + 1y4* (8) 
3L fe'/2000 


3. The total thickness, ¢2, in inches, of slabs with drop panels, at points 
beyond the drop panel shall be at least 


2c coca 
= o0na ( 1- Se 1* (9) 
3L f-’/2000 


4. Where the exterior supports provide only negligible restraint to the slab, 
the values of t: and #2 for the exterior panel shall be increased by at least 15 
percent. 


*In the above formulas, t; and ts are in inches and L and ¢ are in feet. 
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TABLE 1004(f)-MOMENTS IN FLAT SLAB PANELS IN PERCENTAGES OF M 


Interior panel 


i + . er8T . 
Side End Exterior panel 
Strip | Column | sup- | sup- Exterior | | Interior | 
head port | port negative | Positive | negative Positive | Negative 
moment |moment | moment moment | moment 
| 44 
36 





drop 
Column : 6 
strip : ‘ 








With- 
out 
drop 














With 

drop 

Middle 
strip 








out 
drop 

















With 
drop 





Half 
column 
strip 
adja- 
cent 
to 
margi- 
nal 
beam 
or 
wall 

















With- 
out 
drop 














Percentage of panel | Type of support listed in Table 1004 (f) 
load to be carried 9 |———_____ - . 

by marginal beam or |Side sup- | 

wall in addition to | port par- Side or end 

loads directly super- allel to edge condition of slabs of depth ft 
imposed thereon | strip 





End support 
at right angles 
to strip 





0 1 | Columns with no beams 
0 2 
0 | 3 

| 








» 
« 


|Columns with beams of total depth 1\4t 





4 |Columns with beams of total depth 3t or 
| more 





| Reinforced concrete bearing walls integral 
with slab 





Masonry or other walls providing negli- 
| gible restraint 
*Increase negative moments 30 percent of tabulated values when middle strip is continuous 
across support of type B or C. No other values need be increased. 
Note: For intermediate proportions of total beam depth to slab thickness. values for loads 
and moments may be obtained by interpolation. See also Fig. 1004 (f)a and b. 
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TABLE 1004 (g)1—MINIMUM LENGTH OF NEGATIVE REINFORCEMENT 
| Minimum distance beyond centerline of support to en 
of straight bar or to bend point of bent bar* 


Flat slabs without Flat slabs with 
Percentage of drop panels drop panels 
| required rein- - — — 
Strip forcing steel | Bend point Bend point 
area to be ex- where bars where bars 
tended at least bend down bend down 
| as indicated Straight and con- Straight and con- 
tinue as |} tinue as 
positive positive 
reinforce- reinforce- 
ment ment 


Not less os “ | 
than 33 percent eat 


Column | Not less than 


strip |} an additional . 0.30Lt 
reinforcement 34 percent 








To edge of 
or drop but at 
| least 


Remainder$ * P 0.20L 
0.20L 








strip than 50 percent 


| 

Middle Not less 
; ] 
reinforcement 


Remainder§ | 0.25 or 0.15L =| 0.25L , 0.15L 


*At exterior supports where masonry walls or other construction provide only negligibl 
restraint to the slab, the negative reinforcement need not be carried further than 0.20L beyond 


the centerline of such support. 
tWhere no bent bars are used, the 0.27L bars may be omitted, provided the 0.30L bars are 


at least 50 percent of total required. 
tWhere no bent bars are used, the 0.30L bars may be omitted provided the 0.33L bars pro- 


vide at least 50 percent of the total required. 

§Bars may be straight, bent, or any combination of straight and bent bars. All bars are to 
be considered straight bars for the end under consideration unless bent at that end and cor 
tinued as positive reinforcement. 

Note: See also Fig. 1004(g). 

(e) Drop panels 

1. The maximum total thickness at the drop panel used in computing the 
I I g 
negative steel area for the column strip shall be 1.52. 
2. The side or diameter of the drop panel shall be at least 0.33 times th« 
span in the parallel direction. 

3. The minimum thickness of slabs where drop panels at wall columns 
are omitted shall equal (¢: + t2)/2 provided the value of ¢ used in the con 
putations complies with Section 1004(c). 


({) Bending moment coefficients 
1. The numerical sum of the positive and negative bending moments in 
the direction of either side of a rectangular panel shall be assumed as not less 


than 
2c 

M. = 0.09 WLF {1 - — re ie (10 
3L 


in which F = 1.15 — c/L but not less than 1. 
2. Unless otherwise provided, the bending moments at the critical section 
of the column and middle strips shall be at least those given in Table 1004(f) 
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TABLE 1004(g)2—MINIMUM LENGTH OF POSITIVE REINFORCEMENT 


Maximum distance from centerline of support to 
end of straight bar or bend point of bent bar 
Percentage of Flat slabs without | Flat slabs with 
required rein- drop panels } drop panels 
Strip forcing steel 


area to be ex- Bend point Bend point 


tended at least | where bars where bars 
bend up bend up 
Straight and con- Straicht and con- 
tinue as tinue as 
negative | negative 
reinforcement reinforcement 
| 
| 


as indicated 


| Minimum em- 

| bedment in 
Not less a } drop panel 

than 33 percent 0.126 } of 16 bar 

diameters 

but at 

|least 10 in 








Column Not less 
strip than 50 percent* 
reinforcement Minimum em- 
bedment in 
drop panel 
Remainder* 0.125L P 0.25L |of 16 bar 
diameters 
| but at 
| least 10 in 


strip 


reinforcement 50 percent* 3 in. or 0.25L | in or 0.25L 





Middle 50 percent 0.15L | 0.15L 


*Bars may be straight, bent, or any combination of straight and bent bars. All bars are to 
be considered straight bars for the end under ccnsideration unless bent at that end and con- 
tinued as negative reinforcement. 

Note: See also Fig. 1004(g). 


3. The average of the values of ¢ at the two supports at the ends of a 
column strip shall be used to evaluate Mo in determining bending in the 
strip. The average of the values of Mo, as determined for the two parallel half 
column strips in a panel, shall be used in determining bending in the middle 
strip. 

4. Bending in the middle strips parallel to a discontinuous edge shall be 
assumed the same as in an interior panel. 

5. For design purposes, any of the moments determined from Table 
1004(f) may be varied by not more than 10 percent, but the numerical sum 
of the positive and negative moments in a panel shall be not less than the 
amount specified. 

(g) Length of reinforcement—In addition to the requirements of Section 
1002(d), reinforcement shall have the minimum lengths given in Tables 1004(g)1 
and 1004(g)2. Where adjacent spans are unequal, the extension of negative re- 
inforcement on each side of the column centerline as prescribed in Table 1004(g)1 
shall be based on the requirements of the longer span. 

(h) Openings in flat slabs 

1. Openings of any size may be provided in a flat slab in the area common 
to two intersecting middle strips provided the total positive and negative steel 
areas required in Section 1004(f) are maintained. 
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2. In the area common to two column strips, not more than one-eighth 


the width of strip in any span shall be interrupted by openings. The equ 
alent of all bars interrupted shall be provided by extra steel on all sides of +! 
openings. The shearing unit stresses given in Section 1002(c)2 shall not 

exceeded. 

3. In any area common to one column strip and one middle strip, openin 
may interrupt one-quarter of the bars in either strip. The equivalent of th 
bars so interrupted shall be provided by extra steel on all sides of the opening 

4. Any opening larger than described above shall be analyzed by accepted 
engineering principles and shall be completely framed as required to carry 
the loads to the columns. 





ACI BUILDING CODE—CHAPTER 11 


CHAPTER 11—REINFORCED CONCRETE COLUMNS AND WALLS 
100—Notation 


Ac = area of core of a spirally reinforced column measured to the outside 
diameter of the spiral; net area of concrete section of a composite 
column 
over-all or gross area of spirally reinforced or tied columns; the total 
area of the concrete encasement of combination columns 
area of the steel or cast-iron core of a composite column; the area of 
the steel core in a combination column 
effective cross-sectional area of reinforcement in compression in 
columns 
trial factor (see Section 1109(c) and footnote thereto) 
eccentricity of the resultant load on a column, measured from the 
gravity axis 
nominal allowable axial unit stress (0.225f-’ + fspo) for spiral columns 
and 0.8 of this value for tied columns 
allowable bending unit stress that would be permitted if bending 
stress only existed 
nominal axial unit stress 
Ay 
bending unit stress (actual) = bending moment divided by section 
modulus of member 
computed concrete fiber stress in an eccentrically loaded column 
where the ratio of e/t is greater than 2/3 
compressive strength of concrete at age of 28 days, unless otherwise 
specified 
allowable unit stress in the metal core of a composite column 
allowable unit stress on unencased steel columns and pipe columns 
nominal allowable stress in vertical column reinforcement 
useful limit stress of spiral reinforcement 
unsupported length of column 
radius of gyration of concrete in pipe columns 
radius of gyration of a metal pipe section (in pipe columns) 
axial load applied to reinforced concrete column 
ratio of volume of spiral reinforcement to the volume of the concrete 
core (out to out of spirals) of a spirally reinforced concrete column 
ratio of the effective cross-sectional area of vertical reinforcement to 
the gross area Ay 
total allowable axial load on a column whose length does not exceed 
ten times its least cross-sectional dimension 
total allowable axial load on a long column 
over-all depth of rectangular column section, or the diameter of a 
round column 


axial load divided by area of member, 


1101—Limiting dimensions 


(a) The following sections on reinforced concrete and composite columns, 
except Section 1107(a), apply to a short column for which the unsupported length 
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is not greater than ten times the least dimension. When the unsupported length 
exceeds this value, the design shall be modified as shown in Section 1107(a). 
Principal columns in buildings shall have a minimum diameter of 12 in., or in 
the case of rectangular columns, a minimum thickness of 8 in., and a minimum 
gross area of 120 sq in. Posts that are not continuous from story to story shall have 
a minimum diameter or thickness of 6 in. 


1102—Unsupported length of columns 


(a) For purposes of determining the limiting dimensions of columns, the 
unsupported length of reinforced concrete columns shall be taken as the clear 
distance between floor slabs, except that 

1. In flat slab construction, it shall be the clear distance between the floor 
and the lower extremity of the capital, the drop panel or the slab, whichever is 
least. 

2. In beam and slab construction, it shall be the clear distance between the 
floor and the under side of the deeper beam framing into the column in each 
direction at the next higher floor level. 


3. In columns restrained laterally by struts, it shall be the clear distance 
between consecutive struts in each vertical plane; provided that to be an ade- 
quate support, two such struts shall meet the column at approximately the 
same level, and the angle between vertical planes through the struts shall not 
vary more than 15 degrees from a right angle. Such struts shall be of adequate 
dimensions and anchorage to restrain the column against lateral deflection. 

4. In columns restrained laterally by struts or beams, with brackets used 
at the junction, it shall be the clear distance between thefloor and the lower 
edge of the bracket, provided that the bracket width equals that of the beam 
or strut and is at least half that of the column. 

(4) For rectangular columns, that length shall be considered which produces 
the greatest ratio of length to depth of section. 


1103-—Spirally reinforced columns 


(a) Allowable load—The maximum allowable axial load, P, on columns with 
closely spaced spirals enclosing a circular concrete core reinforced with vertical 
bars shall be that given by formula (11). 

P= Ay (25. + fads) ........:.. Sere ye (11) 
Wherein fs = nominal allowable stress in vertical column reinforcement, to b 
taken at 40 percent of the minimum specification value of the yield point; vz., 
16,000 psi for intermediate grade steel and 20,000 psi for rail or hard grade steel.* 

(6) Vertical reinforcement—The ratio pg shall not be less than 0.01 nor mor« 
than 0.08. The minimum number of bars shall be six, and the minimum bar size 


*Nominal allowable stresses for reinforcement of higher yield point may be established at 
40 percent of the yield point stress, but not more than 30,000 psi, when the properties of suc! 
reinforcing steels have been definitely specified by standards of ASTM designation. If this is 
done, the lengths of splice required by Section 1103(c) shall be increased accordingly. 
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hall be #5. The center to center spacing of bars within the periphery of the col- 
:mn core shall not be less than 2!4 times the diameter for round: bars or three 
imes the side dimension for square bars. The clear spacing between individual 
»ars or between pairs of bars at lapped splices shall not be less than 1!4 in. or 1% 
imes the maximum size of the coarse aggregate used. These spacing rules also 
ipply to adjacent pairs of bars at a lapped splice; each pair of lapped bars forming 
, splice may be in contact, but the minimum clear spacing between one splice 
ind the adjacent splice should be that specified for adjacent single bars. 
(c) Splices in vertical reinforcement—Where lapped splices in the column 
verticals are used, the minimum amount of lap shall be as follows: 
1. For deformed bars with concrete having a strength of 3000 psi or above, 
20 diameters of bar of intermediate or hard grade steel. For bars of higher 
yield point, the amount of lap shall be increased one diameter for each 1000 psi 
by which the allowable stress exceeds 20,000 psi. When the concrete strengths 
are less than 3000 psi, the amount of lap shall be one-third greater than the 
values given above. 


2. For plain bars, the minimum amount of lap shall be twice that speci- 


fied for deformed bars. 

3. Welded splices or other positive connections may be used instead of 
lapped splices. Welded splices shall preferably be used in cases where the bar 
size exceeds #11. An approved welded splice shall be defined as one in which 
the bars are butted and welded and that will develop in tension at least the 
yield point stress of the reinforcing steel used. 

4. Where longitudinal bars are offset at a splice, the slope of the inclined 
portion of the bar with the axis of the column shall not exceed 1 in 6, and 
the portions of the bar above and below the offset shall be parallel to the axis 
of the column. Adequate horizontal support at the offset bends shall be 
treated as a matter of design, and may be provided by metal ties, spirals or 
parts of the floor construction. Metal ties or spirals so designed shall be placed 
near (never more than eight bar diameters from) the point of bend. The hori- 
zontal thrust to be resisted may be assumed as 1'4 times the horizontal 
component of the nominal stress in the inclined portion of the bar. 

Offset bars shall be bent before they are placed in the forms. No field 


bending of bars partially embedded in concrete shall be permitted. 


(d) Spiral reinforcement—The ratio of spiral reinforcement, p’, shall not be 
less than the value given by formula (12). 


i (= )e 
p =04 [—-1]— eee (12) 


Ac fe’ 
Wherein fs’ = useful limit stress of spiral reinforcement, to be taken as 40,000 
psi for hot rolled rods of intermediate grade, 50,000 psi for rods of hard grade, 
and 60,000 psi for cold drawn wire. 
The spiral reinforcement shall consist of evenly spaced continuous spirals held 
firmly in place and true to line by vertical spacers, using at least two for spirals 
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20 in. or less in diameter, three for spirals 20 to 30 in. in diameter, and four { 
spirals more than 30 in. in diameter or composed of spiral rods % in. or larger 
size. The spirals shall be of such size and so assembled as to permit handling and 
placing without being distorted from the designed dimensions. The material used i 
spirals shall have a minimum diameter of % in. for rolled bars or No. 4 AS&\\ 
gage for drawn wire. Anchorage of spiral reinforcement shall be provided by 1! 
extra turns of spiral rod or wire at each end of the spiral unit. Splices when neces 
sary shall be made in spiral rod or wire by welding or by a lap of 14 turns. Th 
center to center spacing of the spirals shall not exceed one-sixth of the core diameter. 
The clear spacing between spirals shall not exceed 3 in. nor be less than 1% in. or 
14 times the maximum size of coarse aggregate used. The reinforcing spiral 
shall extend from the floor level in any story or from the top of the footing in the 
basement, to the level of the lowest horizontal reinforcement in the slab, drop 
panel or beam above. In a column with a capital, it shall extend to a plane at 
which the diameter or width of the capital is twice that of the column. 


(e) Protection of reinforcement—The column spiral reinforcement shall be 
protected everywhere by a covering of concrete cast monolithically with the core, 
for which the thickness shall not be less than 144 in. nor less than 114 times the 


maximum size of the coarse aggregate, nor shall it be less than required by the 
fire protection and weathering provisions of Section 507. 


(f) Isolated column with muitiple spirals—In case two or more interlocking 
spirals are used in a column, the outer boundary of the column shall be taken 
as a rectangle the sides of which are outside the extreme limits of the spiral at 
a distance equal to the requirements of Section 1103(e). 


(g) Limits of section of column built monolithically with wall—For a spiral 
column built monolithically with a concrete wall or pier, the outer boundary 
of the column section shall be taken either as a circle at least 114 in. outside th 
column spiral or as a square or rectangle of which the sides are at least 11, in. out 
side the spiral or spirals. 


(h) Equivalent circular columns—As an exception to the general procedure 
of utilizing the full gross area of the column section, it shall be permissibl 
to design a circular column and to build it with a square, octagonal, or othe: 
shaped section of the same least lateral dimension. In such case, the allowabk 
load, the gross area considered, and the required percentages of reinforcement 
shall be taken as those of the circular column. 


1104—Tied columns 


(a) Allowable load—The maximum allowable axial load on columns rein 
forced with longitudinal bars and separate lateral ties shall be 80 percent o! 
that given by formula (11). The ratio, ps, to be considered in tied columns 
shall not be less than 0.01 nor more than 0.04. The longitudinal reinforcement 
shall consist of at least four bars, of minimum bar size of #5. Splices in rein 
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rcing bars shall be made as described in Section 1103(c). The spacing require- 
ents for vertical reinforcement in Section 1103(b) shall also apply for all 
-d columns. 

(b) Combined axial and bending load—For tied columns which are designed 

withstand combined axial and bending stresses, the limiting steel ratio of 0.04 
ray be increased to 0.08. The amount of steel spliced by lapping shall not 
xceed a steel ratio of 0.04 in any 3-ft length of column. The size of the column 
lesigned under this provision shall in no case be less than that required to 
withstand the axial load alone with a steel ratio of 0.04. 
(c) Lateral ties—Lateral ties shall be at least 4 in. in diameter and shall 
: spaced apart not over 16 bar diameters, 48 tie diameters, or the least dimen- 


De 


sion of the column. When there are more than four vertical bars, additional 
ties shall be provided so that every longitudinal bar is held firmly in its designed 
position and has lateral support equivalent to that provided by a 90-deg corner 


of a te. 

(2d) Limits of column section—In a tied column which for architectural 
reasons has a larger cross section than required by considerations of loading, 
a reduced effective area, Ay, not less than one-half of the total area may be 
used in applying the provisions of Section 1104(a). 


1105—Composite columns 


(a) Allowable load—The allowable load on a composite column, consisting 
of a structural steel or cast iron column thoroughly encased in concrete rein 
forced with both longitudinal and spiral reinforcement, shall not exceed that 
given by formula (13). 

P = 0.225 Acfe’ + fsAs + frAr (13) 
Wherein f, = allowable unit stress in metal core, not to exceed 16,000 psi for 
a steel core; or 10,000 psi for a cast-iron core. 

(6) Details of metal core and reinforcement—The cross-sectional area of the 
metal core shall not exceed 20 percent of the gross area of the column. If a 
hollow metal core is used it shall be filled with concrete. The amounts of longi- 
tudinal and spiral reinforcement and the requirements as to spacing of bars, 
details of splices and thickness of protective shell outside the spiral shall con- 
form to the limiting values specified in Section 1103(b), (c), (d), and (e). A 
clearance of at least 3 in. shall be maintained between the spiral and the metal 
core at all points except that when the core consists of a structural steel 
H-column, the minimum clearance may be reduced to 2 in. 

(c) Splices and connections of metal cores—Metal cores in composite columns 
shall be accurately milled at splices and positive provision shall be made for 
alignment of one core above another. At the column base, provision shall be 
made to transfer the load to the footing at safe init stresses in accordance with 
Section 305(a). The base of the metal section shall be designed to transfer 
the load from the entire composite column to the footing, or it may be designed 
to transfer the load from the metal section only, provided it is so placed in 
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the pier or pedestal as to leave ample section of concrete above the base for ¢! 

transfer of load from the reinforced concrete section of the column by means « 

bond on the vertical reinforcement and by direct compression on the concret« 
Transfer of loads to the metal core shall be provided for by the use of bearins 
members such as billets, brackets or other positive connections; these shall bx 
provided at the top of the metal core and at intermediate floor levels wher: 
required. The column as a whole shall satisfy the requirements of formula 
(13) at any point; in addition to this, the reinforced concrete portion shall be 
designed to carry, in accordance with formula (11), all floor loads brought 
onto the column at levels between the metal brackets or connections. In applying 
formula (11), the value of Ag shall be interpreted as the area of the concrete 
section outside the metal core, and the allowable load on the reinforced concrete 
section shall be further limited to 0.35 fe’dg. Ample section of concrete and 
continuity of reinforcement shall be provided at the junction with beams or 
girders. 

(d) Allowable load on metal core only—The metal cores of composite 
columns shall be designed to carry safely any construction or other loads to 
be placed upon them prior to their encasement in concrete. 
1106—Combination columns 

(a) Steel columns encased in concrete—The allowable load on a structural 
steel column which is encased in concrete at least 24 in. thick over al] metal 


(except rivet heads) reinforced as hereinafter specified, shall be computed 
by formula (14). 


, Ay 
P= A, | 1+ Bt | | ee 
100 A, 


The concrete used shall develop a compressive strength, fc’, of at least 2000 
psi at 28 days. The concrete shall be reinforced by the equivalent of welded 
wire mesh having wires of No. 10 AS&W gage, the wires encircling the 
column being spaced not more than 4 in. apart and those parallel to the column 
axis not more than 8 in. apart. This mesh shall extend entirely around the 
column at a distance of 1 in. inside the outer concrete surface and shall be 
lap-spliced at least 40 wire diameters and wired at the splice. Special brackets 
shall be used to receive the entire floor load at each floor level. The steel column 
shall be designed to carry safely any construction or other loads to be placed 
upon it prior to its encasement in concrete. 

(4) Pipe columns—The allowable load on columns consisting of steel pipe 
filled with concrete shall be determined by formula (15). 


h 
P = 0.25f¢' 1 — 0.000025 = Ac + fr As (15) 


The value of f,’ shall be given by formula (16) when the pipe has a yield 
strength of at least 33,000 psi, and an 4/Ks ratio equal to or less than 120. 


h 
fr’ = 17,000 — 0.485 res rere 


8 
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|107—Long columns 


(a) The maximum allowable load, P’, on axially loaded reinforced concrete 
r composite columns having an unsupported length, 4, greater than ten times 
he least lateral dimension, ¢, shall be given by formula (17). 


P = P [13 — 0.03 h/t] . (17) 


where P is the allowable axial load on a short column as given by Sections 
1103, 1104, and 1105. 

The maximum allowable load, P’, on eccentrically loaded columns in which 
h/t exceeds 10 shall also be given by formula (17), in which P is the allowable 
eccentrically applied load on a short column as determined by the provisions 
of Section 1109. In long columns subjected to definite bending stresses, as deter- 
mined in Section 1108, the ratio 4/t shall not exceed 20. 


1108—Bending moments in columns 


(a) The bending moments in the columns of all reinforced concrete 
structures shall be determined on the basis of loading conditions and restraint 
and shall be provided for in the design. When the stiffness and strength of 
the columns are utilized to reduce moments in beams, girders, or slabs, as in 
the case of rigid frames, or in other forms of continuous construction wherein 
column moments are unavoidable, they shall be provided for in the design. 
In building frames, particular attention shall be given to the effect of unbalanced 
floor loads on both exterior and interior columns and of eccentric loading due 
to other causes. In computing moments in columns, the far ends may be con- 
sidered fixed. Columns shall be designed to resist the axial forces from loads 
on all floors, plus the maximum bending due to loads on a single adjacent span 
of the floor under consideration. 

Resistance to bending moments at any floor level shall be provided by 
distributing the moment between the columns immediately above and below 
the given floor in proportion to their relative stiffnesses and conditions of restraint. 


1109—Columns subjected to axial load and bending 


(a) Members subject to an axial load and bending in one principal plane, 
but with the ratio of eccentricity to depth e/t no greater than 2/3, shall be so 
proportioned that 


fa 


b 
+ — does not exceed unity (18) 


Fy Fy 
(6) When bending exists on both of the principal axes, formula (18) 
becomes 


fa br b : 
— + fre 2 Iw does not exceed unity (19) 


Fa Fo Fo 


where fz and fry are the bending moment components about the x and y principal 
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axes divided by the section modulus of the transformed section relative to ¢} 
respective axes, provided that the ratio ¢/t is no greater than 2/3 in eith 
direction. 


(c) In designing a column subject to both axial load and bending, the pr 
liminary selection of the column may be made by use of an equivalent axial 
load given by formula (20). 


: 4° 
P=N 1+ — ESE A es (2 
t 
When bending exists on both of the principal axes, the quantity Be/t is the 
numerical sum of the Be/t quantities in the two directions. 


(d) For columns in which the load, N, has an eccentricity, e, greater than 
2/3 the column depth, ¢#, the determination of the fiber stress fe shall be made 
by use of recognized theory for cracked sections, based on the assumption that 
the concrete does not resist tension. In such cases the modular ratio for the com 
pressive reinforcement shall be assumed as double the value given in Section 
601; however the stress in the compressive reinforcement when calculated on this 
basis, shall not be greater than the allowable stress in tension. The maximum com 
bined compressive stress in the concrete shall not exceed 0.45f.’. For such cases the 
tensile steel stress shall also be investigated. 


1110—Wind and earthquake stresses 


(a) When the allowable stress in columns is modified to provide for com 
bined axial load and bending, and the stress due to wind or earthquake loads 
is also added, the total shall still come within the allowable values specified 
for wind or earthquake loads in Section 603(c). 


1111—Reinforced concrete walls 


(a) The allowable stresses in reinforced concrete bearing walls with minimum 
reinforcement as required by Section 1111(h), shall be 0.25f.’ for walls having 
a ratio of height to thickness of ten or less, and shall be reduced proportionally 
to 0.15f-’ for walls having a ratio of height to thickness of 25. When the rein 
forcement in bearing walls is designed, placed, and anchored in position as for 
tied columns, the allowable stresses shall be on the basis of Section 1104, as for 
columns. In the case of concentrated loads, the length of the wall to be con 
sidered as effective for each shall not exceed the center to center distanc: 
between loads, nor shall it exceed the width of the bearing plus four times the 
wall thickness. The ratio py shall not exceed 0.04. 


*For trial computations B may be taken from 3 to 3% for rectangular tied columns, t! 
lower value being used for columns with the minimum amount of reinforcement. Similar!) 
for circular spiral columns, the value of B from 5 to 6 may be used. 
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(6) Walls shall be designed for any lateral or other pressure to which they 
re subjected. Proper provision shall be made for eccentric loads and wind 
resses. In such designs the allowable stresses shall be as given in Section 305(a) 
nd 603(c). 

(c) Panel and enclosure walls of reinforced concrete shall have a_ thick- 
ness of not less than 4 in. and not less than 1/30 the distance between the support- 
ing or enclosing members. 

(d) Reinforced concrete bearing walls of buildings shall be not less than 
6 in. thick for the uppermost 15 ft of their height; and for each successive 25 
ft downward, or fraction thereof, the minimum thickness shall be increased 
1 in. Reinforced concrete bearing walls of two-story dwellings may be 6 in. 


thick throughout their height. 

(e) Exterior basement walls, foundation walls, fire walls, and party walls 
shall not be less than 8 in. thick whether reinforced or not. 

(f) Reinforced concrete bearing walls shall have a thickness of at least 1/25 
of the unsupported height or width, whichever is the shorter. 


(g) Reinforced concrete walls shall be anchored to the floors, or to the 
columns, pilasters, buttresses, and intersecting walls with reinforcement at 
least equivalent to #3 bars 12 in. on centers, for each layer of wall reinforcement. 


(h) The area of the horizontal reinforcement of reinforced concrete walls 
shall be not less than 0.0025 and that of the vertical reinforcement not less than 
0.0015 times the area of the reinforced section of the wall if of bars, and not 
less than three-fourths as much if of welded wire fabric. The wire of the welded 
fabric shall be of not less than No. 10 AS&W gage. Walls more than 10 in. thick, 
except for basement walls, shall have the reinforcement for each direction placed 
in two layers parallel with the faces of the wall. One layer consisting of not less 
than one-half and not more than two-thirds the total required shall be placed 
not less than 2 in. nor more than one-third the thickness of the wall from the 
exterior surface. The other layer, comprising the balance of the required reinforce- 
ment, shall be placed not less than % in. and not more than one-third the thick- 
ness of the wall from the interior surface. Bars, if used, shall not be less than #3 
bars, nor shall they be spaced more than 18 in. on centers. Welded wire reinforce- 
ment for walls shall be in flat sheet form. 


(1) In addition to the minimum as prescribed in Section 1111(h) there shall 
be not less than two #5 bars around all window or door openings. Such bars shall 
extend at least 24 in. beyond the corner of the openings. 


(7) Where reinforced concrete bearing walls consist of studs or ribs tied to- 
gether by reinforced concrete members at each floor level, the studs may be con- 
sidered as columns, but the restrictions as to minimum diameter or thickness of 
columns shall not apply. 


(k) The limits of thicknesses and quantity of reinforcement may be waived 
where structural analysis shows adequate strength and stability. 
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CHAPTER 12—FOOTINGS 
1201—Scope 


(a) The requirements prescribed in Sections 1202 to 1209 apply only to isolated 
footings.* 


1202—Loads and reactions 


(a) Footings shall be proportioned to sustain the applied loads and induced 
reactions without exceeding the allowable stresses as prescribed in Sections 305 and 
306, and as further provided in Sections 1205, 1206, and 1207. 

(6) In cases where the footing is concentrically loaded and the member being 
supported does not transmit any moment to the footing, computations for mo- 
ments and shears shall be based on an upward reaction assumed to be uniformly 
distributed per unit area or per pile and a downward applied load assumed to be 
uniformly distributed over the area of the footing covered by the column, pedestal, 
wall, or metallic column base. 

(c) In cases where the footing is eccentrically loaded and/or the member being 
supported transmits a moment to the footing, proper allowance shall be made for 
any variation that may exist in the intensities of reaction and applied load consis- 
tent with the magnitude of the applied load and the amount of its actual or virtual 
eccentricity. 

(d) In the case of footings on piles, computations for moments and shears 
may be based on the assumption that the reaction from any pile is concentrated at 
the center of the pile. 


1203—Sloped or stepped footings 


(a) In sloped or stepped footings, the angle of slope or depth and location of 
steps shall be such that the allowable stresses are not exceeded at any section. 

(4) In sloped or stepped footings, the effective cross section in compression 
shall be limited by the area above the neutral plane. 

(c) Sloped or stepped footings shall be cast as a unit. 


1204—Bending moment 


(a) The external moment on any section shall be determined by passing 
through the section a vertical plane which extends completely across the footing, 
and computing the moment of the forces acting over the entire area of the footing 
on one side of said plane. 

(6) The greatest bending moment to be used in the design of an isolated foot- 
ing shall be the moment computed in the manner prescribed in Section 1204(a) 
at sections located as follows: 

1. At the face of the column, pedestal or wall, for footings supporting a 
concrete column, pedestal or wall. 


*The committee is not prepared at this time to make recommendations for combined footings 
—those supporting more than one column or wall. 
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2. Halfway between the middle and the edge of the wall, for footings un 


der masonry walls. 
7, 


3. Halfway between the face of the column or pedestal and the edge of the 
metallic base, for footings under metallic bases. 


(c) The width resisting compression at any section shall be assumed as the 
entire width of the top of the footing at the section under consideration. 


(d) In one-way reinforced footings, the total tensile reinforcement at any sec 
tion shall provide a moment of resistance at least equal to the moment computed 
in the manner prescribed in Section 1204(a); and the reinforcement thus deter- 
mined shall be distributed uniformly across the full width of the secti 


(e) In two-way reinforced footings, the total tensile reinforcement at any sec- 
tion shall provide a moment of resistance at least equal to 85 percent of the mo- 
ment computed in the manner prescribed in Section 1204(a); and the total rein 
forcement thus determined shall be distributed across the corresponding resisting 
section in the manner prescribed for the square footings in Section 1204(f), and 
for rectangular footings in Section 1204(g). 


(f) In two-way square footings, the reinforcement extending in each direction 
shall be distributed uniformly across the full width of the footing. 

(g) In two-way rectangular footings, the reinforcement in the long direction 
shall be distributed uniformly across the full width of the footing. In the case of 
the reinforcement in the short direction, that portion determined by formula (21) 
shall be uniformly distributed across a band-width (B) centered with respect to 
the centerline of the column or pedestal and having a width equal to the length 
of the short side of the footing. The remainder of the reinforcement shall be uni- 
formly distributed in the outer portions of the footing. 


———_———_ = —— (21) 
Total reinforcement nt in short direction (> + ¥) 


_Reinforceme nt in in band- width (B) 2 


In formula (21), S is the ratio of the long side to the short side of the footing. 
1205—Shear and bond 


(a) The critical section for shear to be used as a measure of diagonal! tension 
shall be assumed as a vertical section obtained by passing a series of vertical planes 
through the footing, each of which is parallel to a corresponding face of the col- 
umn, pedestal, or wall and located a distance therefrom equal to the depth d for 
footings on soil, and one-half the depth d for footings on piles. 

(6) Each face of the critical section as defined in Section 1205(a) shall be con- 
sidered as resisting an external shear equal to the load on an area bounded by said 
face of the critical section for shear, two diagonal lines drawn from the column 
or pedestal corners and making 45-deg angles with the principal axes of the foot- 
ing, and that portion of the corresponding edge or edges of the footing intercepted 
between the two diagonals. 
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(c) Critical sections for bond shall be assumed at the same planes as those 
prescribed for bending moment in Section 1204(b); also at all other vertical planes 
where changes of section or of reinforcement occur. 


(d) Computation for shear to be used as a measure of bond shall be based on 
the same section and loading as prescribed for bending moment in Section 
1204(a). 

(e) The total tensile reinforcement at any section shall provide a bond resis 
tance at least equal to the bond requirement as computed from the following per 
centages of the external shear at the section: 

1. In one-way reinforced footings, 100 percent. 
2. In two-way reinforced footings, 85 percent. 

(f) In computing the external shear on any section through a footing sup 
ported on piles, the entire reaction from any pile whose center is located 6 in. or 
more outside the section shall be assumed as producing shear on the section; the 
reaction from any pile whose center is located 6 in. or more inside the section shall 
be assumed as producing no shear on the section. For intermediate positions of the 
pile center, the portion of the pile reaction to be assumed as producing shear on 
the section shall be based on straight-line interpolation between full value at 6 in. 
outside the section and zero value at 6 in. inside the section. 

(g) For allowable shearing stresses, see Section 305 and 809. 


(A) For allowable bond stresses, see Section 305 and 901 to 905. 


1206—Transfer of stress at base of column 


(a) The stress in the longitudinal reinforcement of a column or pedestal shall 
be transferred to its supporting pedestal or footing either by extending the longi 
tudinal bars into the supporting member, or by dowels. 


(6) In case the transfer of stress in the reinforcement is accomplished by ex 
tension of the longitudinal bars, they shall extend into the supporting member 
the distance required to transfer to the concrete, by allowable bond stress, their 
full working value. 

(c) In cases where dowels are used, their total sectional area shall be not less 
than the sectional area of the longitudinal reinforcement in the member from 
which the stress is being transferred. In no case shall the number of dowels per 
member be less than four and the diameter of the dowels shall not exceed the 
diameter of the column bars by more than % in. 

(2) Dowels shall extend up into the column or pedestal a distance at least 
equal to that required for lap of longitudinal column bars (see Section 1103) and 
down into the supporting pedestal or footing the distance required to transfer to 
the concrete, by allowable bond stress, the full working value of the dowel [see 
Section 906(c) |. 

(¢) The compressive stress in the concrete at the base of a column or pedestal 
shall be considered as being transferred by bearing to the top of the supporting 
pedestal or footing. The unit compressive stress on the loaded area shall not ex- 
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-ed the bearing stress allowable for the quality of concrete in the supporting 
ember as limited by the ratio of the loaded area to the supporting area. 


({) For allowable bearing stresses see Table 305(a), Section 305. 


(g) In sloped or stepped footings, the supporting area for bearing may be 
iken as the top horizontal surface of the footing, or assumed as the area of the 


wer base of the largest frustum of a pyramid or cone contained wholly within 


he footing and having for its upper base the area actually loaded, and having 
ide slopes of one vertical to two horizontal. 


1207—Pedestals and footings (plain concrete) 


(a) The allowable compressive unit stress on the gross area of a concentrically 
loaded pedestal shall not exceed 0.25fc’. Where this stress is exceeded, rein- 
forcement shall be provided and the member designed as a reinforced concrete 
column. 

(6) The depth and width of a pedestal or footing of plain concrete shall be 
such that the tension in the concrete shall not exceed 0.03fc’, and the average shear- 
ing stress shall not exceed 0.02f-’ taken on sections as prescribed in Section 1204 
and 1205 for reinforced concrete footings. 


1208—Footings supporting round columns 


(a2) In computing the stresses in footings which support a round or octagonal 
concrete column or pedestal, the “face” of the column or pedestal shall be taken 
as the side of a square having an area equal to the area enclosed within the peri- 
meter of the column or pedestal. 


1209—Minimum edge-thickness 


(a) In reinforced concrete footings, the thickness above the reinforcement at 
the edge shall be not less than 6 in. for footings on soil, nor less than 12 in. for 
footings on piles. 

(4) In plain concrete footings, the thickness at the edge shall be not less than 
8 in. for footings on soil, nor less than 14 in. above the tops of the piles for foot- 
ings on piles. 
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CHAPTER 13—PRECAST CONCRETE 
1301—Scope 


(a) All provisions of this code shall apply to precast concrete except for th 
specific variations given in this chapter. 


1302—Aggregates 


(a) The maximum size of aggregate shall not be larger than one-third of the 
least dimension of the member. 


1303—Concrete protection for reinforcement 


(a) At surfaces not exposed to weather all reinforcement shall be protected 
by concrete equal to the nominal diameter of bars but not less than % in. 


1304—Details 


(a) All details of jointing, inserts, and anchors shall be shown on the draw- 
ings. 


1305—Curing 


(a) Curing by high-pressure steam, steam vapor, or other accepted processes 
may be employed to accelerate the hardening of the concrete and to reduce the 
time of curing required by Section 405 provided that the compressive strength 
of the concrete at the time of use be at least equal to the specified design strength. 


1306—Identification and marking 


(a) All precast concrete members shall be plainly marked to indicate the top 
of the member and its location and orientation in the structure. Identification 
marks shall be duplicated on the placing plans. 


1307—Transportation, storage, and erection 


(a) Units shall be so stored, transported, and placed that they will not be 
over-stressed or damaged. 


(6) Precast concrete units shall be adequately braced and supported during 
erection to insure proper alignment and safety and such bracing or support shall 
be maintained until there are adequate permanent connections. 
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APPENDIX 


ABSTRACT OF REPORT OF ACI-ASCE JOINT COMMITTEE ON ULTIMATE 
STRENGTH DESIGN* 


A600—Notation 
(a) Loads and load factors 


ultimate 
section 


strength capacity of 

- effect of basic load consisting of 
dead load plus volume change due 
to creep, elastic action, shrinkage, 
and temperature 

— effect of live load plus impact 

- effect of wind load 
effect of earthquake forces 


Cross-sectional constants 


— gross area of section 
area of tensile reinforcement 
- area of compressive reinforce- 
ment 
= steel area to develop compressive 
strength of overhanging flange in 
T-sections, defined by Eq.(A5) 
total area of longitudinal 
forcement 
width of a rectangular section or 
over-all width of flange in T-sec- 
tions 
width of web in T-sections 
= total diameter of circular section 
- diameter of circle circumscribing 
the longitudinal reinforcement in 
circular section 
- distance from extreme 
sive fiber to centroid 
reinforcement 
distance from extreme compres- 
sive fiber to centroid of compres- 
sive reinforcement 
eccentricity of axial load mea- 
sured from the centroid of tensile 
reinforcement 
eccentricity of axial 
sured from plastic 
section 


rein- 


compres- 
of tensile 


load mea- 
centroid of 


JOURNAL, Jan. 1956, Proc. V. 


52, pp. 505-524 


*For full report see Proceedings, ASCE, V 


K = load factor 

M, = ultimate resisting moment 

= load defined by Eq. (A8) 

= ultimate strength of concentri- 
cally loaded given by 
Eq. (A6) 
ultimate strength of eccentrically 
loaded member 
maximum axial load on 
member given by Eq. (A14) 


member 


) thy long 


measured 
from plastic centroid of section 

= 28-day cylinder strength 

= stress in tensile reinforcement at 
ultimate strength 
yield point of reinforcement, not 
to be taken greater than 60,000 
psi 
defined by k,d from 
extreme compressive fiber to neu- 
tral axis at ultimate strength 
ratio of average 
stress to 0.85 f.’ 
ratio of 
treme compressive fiber and re- 
sultant of compressive stresses to 
distance fiber 


= eccentricity of load P 


distance 


compressive 


distance between ex- 


between extreme 
and neutral axis 
f,/0.85 f 

a 3 
A./bd 

/bd 

b’d 

o/h 

_/b’d 
pf, /f. 
flange thickness in T-sections, 
also total depth of 
section 


rectangular 


81, Paper No. 809, Oct. 1955. Also see ACI 
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A601—Definitions and scope 


(a) This appendix presents recommendations for design of reinforced co 
crete structures by ultimate strength theories. The term “ultimate strength 
design” indicates a method of design based on the ultimate strength of a r 
inforced concrete cross section in simple bending, combined bending and axial 
load on the basis of inelastic action. 

(6) These recommendations are confined to design of sections. It is assumed 
that external moments and forces acting in a structure will be determined by th: 
theory of elastic frames. With the specified load factors, stresses under servic: 
loads will remain within safe limits. 


A602—General requirements 


(a) The American Concrete Institute “Building Code Requirements for Re 
inforced Concrete” shall apply to the design of members by ultimate strength 
theory except where otherwise provided in this appendix. 

(6) Analysis of indeterminate structures, such as continuous girders and 
arches, shall be based on the theory of elastic frames. For buildings of usual 
types of construction, spans, and story heights, approximate methods such as 
the use of coefficients recommended in the ACI Building Code are acceptable for 
determination of moments and shears. 

(c) Bending moments in compression members shall be taken into account 
in the calculation of their required strength. 

(d) In arches the effect of shortening of the arch axis, temperature, shrink 
age, and secondary raoments due to deflection shall be considered. 

(e) Attention shall be given to the deflection of members, including the 
effect of creep, especially whenever the net ratio of reinforcement which is 
defined as (p — p’) or (pw — pr) in any section of a flexural member exceeds 
0.18 fc’ /fy. 

(f) Controlled concrete should be used and shall meet the following require 
ments. The quality of concrete shall be such that not more than one test in ten 
shall have an average strength less than the strength assumed in the design, 
and the average of any three consecutive tests shall not be less than the as 
sumed design strength. Each test shall consist of not less than three standard 
cylinders. 

A603—Assumptions 


Ultimate strength design of reinforced concrete members shall be based on 
the following assumptions: 


(a) Plane sections normal to the axis remain plane after bending. 

(5) Tensile strength in concrete is neglected in sections subject to bending. 

(c) At ultimate strength stresses and strains are not proportional. The dia- 
gram of compressive concrete stress distribution may be assumed a rectangle, 
trapezoid, parabola, or any other shape which results in ultimate strength in 
reasonable agreement with comprehensive tests. 
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(d) Maximum fiber stress in concrete does not exceed 0.85f-’. 


(e) Stress in tensile and compressive reinforcement at ultimate load shall 
1ot be assumed greater than the yield point or 60,000 psi, whichever is smaller. 


A604—Load factors 


(a) Members shall be so proportioned that an ample factor of safety is pro- 
vided against an increase in live load beyond that assumed in design; and strains 
under service loads should not be so large as to cause excessive cracking. These 
criteria are satisfied by the following formulas: 

1. For structures in which, due to location or proportions, the effects 
of wind and earthquake loading can be properly neglected: 

U = 12B+24L . (1) 

]= K(B+L) ' ... (Tl) 

2. For structures in which wind loading must be considered: 

1.2B + 2.4L +-0.6W (Ia) 

12B+06L+24W (Ib) 

K(B+L+¥,W) (Ila) 

K(B+¥%L+ W) (IIb) 

3. For those structures in which earthquake loading must be considered, 
substitute E for W in the preceding equations. 


(6) The load factor, K, shall be taken equal to 2 for columns and members 
subjected to combined bending and axial load, and equal to 1.8 for beams and 
girders subject to bending only. 


A605—Rectangular beams with tensile reinforcement only 


(a) The ultimate capacity of an under-reinforced section is approached when 
the tensile steel begins to yield. The steel shall then be assumed to elon- 
gate plastically at its yield point stress, thereby reducing the concrete area in 
compression until crushing takes place. The ultimate strength so obtained is con- 
trolled by tension. 


(6) The computed ultimate moment shall not exceed that given by: 
M. = bd*f- q(1 — 0.594) (Al) 
in which q = pfv/fe’. 
(c) In Eq. (Al), the maximum ratio of reinforcement shall be so limited 
that p does not exceed: 


p = 0.40 fe'/fy (A2) 
The coefficient 0.40 is to be reduced at the rate of 0.025 per 1000 psi concrete 
strength in excess of 5000 psi. 
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A606—Rectangular beams with compressive reinforcement 


(a) The ultimate moment shall not exceed that computed by: 

M,, = (As — As’)fud [1 — 059 (p — p’)fu/fe’] + As'fu® (d — d’) (A 

(6) In Eq. (A3), the maximum ratio of reinforcement shall be so limit. 
that (p — p’) does not exceed the values given by Eq. (A2). 


A607—T-sections 


(a) When the flange thickness equals or exceeds the depth to the neutral 
axis given by kud = 1.30 gd or the depth of the equivalent ‘stress block (1.15 
gd), the section may be designed by Eq. (Al), with g computed as for a rectan 
gular beam with a width equal to the over-all flange width. 

(6b) When the flange thickness is less than kud or less than the depth of the 
equivalent stress block, the ultimate moment shall not exceed that computed by: 

mM. = th - Ast) fud [1 — 0.59 (Pw ini pr) fu/fe | T Asify (d - 0.52) (A4) 
in which Ag;, the steel area necessary to develop the compressive strength of the 
overhanging portions of the flange, is: 

Asp = 0.85(6 — B’)t fe'/fy (A5) 

(c) In Eq. (A4), the maximum ratio of reinforcement shall be so limited that 
(pu — py) does not exceed the values given by Eq. (A2). 


A608—Concentrically loaded short columns 


(a) All members subject to axial loads shall be designed for at least a mini- 
mum eccentricity: 
For spirally reinforced columns, the minimum eccentricity measured from the 
centroidal axis of column shall be 0.05 times the depth of the column section. 
For tied columns, the minimum eccentricity shall be 0.10 times the depth. 
(6) The maximum load capacity for concentric loads for use in Eq. (A10) 
is given by the formula: 


P, = O.85f-" (A, £7 Ast) + Ast fy (A6) 
A609—Bending and axial load: Rectangular section 


(a) The ultimate strength of members subject to combined bending and 
axial load shall be computed from the equations of equilibrium, which when 
ku is less than unity may be expressed as follows: 

Pu = 0.85fc’ bdhuki + As’ fy* — Aufs (A7a) 
Pue = O.85fc’ bd® kuk: (1 — keku) + As’ fy* (d — d’) (A7b) 

In Eq (A7a) and (A7b), k2/k: shall not be taken as less than 0.5, and &: shall 
not be taken greater than 0.85 for fc’ = 5000 psi. The coefficient 0.85 is to be 
reduced at the rate of 0.05 per 1000 psi concrete strength in excess of 5000 psi. 


*Correction for concrete area displaced by compressive reinforcement may be made by 
subtracting 0.85 f-’ from fy in this term only. 
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(6) It shall be assumed that the maximum concrete strain is limited to 0.003 
) that the section is controlled by tension when: 


Ma RE? 4 90,000 
Py. = Py = 0.85 ki fe’ bd + As’ fy* — Asfy (AS) 


1 being limited as for Eq. (A7a) and (A7b). The section is controlled by 
compression when Px exceeds P». 
(c) When the section is controlled by tension, the ultimate strength shall 


not exceed that computed by: 


Py 0.85f. bd, pm — pm + (1 — e/d) 


Y 
+ Va —e/d)° + 2[ (e/d) (pm — p’m’) 4 pm (1 d'/d) | um 
(d) When the section is controlled by compression, a linear relationship 
between axial load and moment may be assumed for values of Px between 
that given as Py by Eq. (A8) and the concentric ultimate strength Po given 
by Eq. (A6). For this range the ultimate strength may be computed by either 
Eg. (A10) or (All): 
Po 
Py = (A10) 
1+ [(P./Pv) — 1] Jes’ 
i As fy : = (All) 
e/(d-—d)t+y, (3te’'/d) + 1.18 
A610—Bending and axial load: Circular sections 
(a) The ultimate strength of circular sections subject to combined bend 
ing and axial load may be computed on the basis of the equations of equi- 
librium taking into account inelastic deformations, or by the empirical formulas 
Eq. (A12) and. (A13): 


When tension controls: 


0.85 e’ > pimD, 0.85 
Pu = 0.85f-’D” J — 0.38 FY csc ( 038 (A 12) 
D 25D D 


When compression controls: 
Astfy Abfe 
3e 96De’ 


— +] + 1.18 
D, (0.83D + 0.67D.)? 











Pa —_ 





A6é11—Long members 


(a) When the unsupported length, L, of an axially loaded member is greater 
than 15 times its least lateral dimension, the maximum axial load, Pu’, shall be 
determined by one of the following methods: 


a Py = P.(1.6 — 0.04L/t) (Al4) 


*Correction for concrete area displaced by compressive reinforcement may be made by sub- 
tracting 0.85 f-’ from fy in this term only. 
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2. A stability determination for Pu’ may be made with an apparent reduc: 
modulus of elasticity used for sustained loads, such as the method recommende: 
in the report of ACI Committee 312, “Plain and Reinforced Concrete Arches 
(ACI Journat, May 1951, Proc. V. 47, p. 681). 


For such discussion of this standard as may develop please see 
Part 2, December 1956 Journal. In Proceedings V. 52 discussion 
immediately follows the June 1956 Journal pages. 
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Basis for Classifying Deleterious Characteristics 
of Concrete Aggregate Materials* 


By E. G. SWENSONt and V. CHALY} 


SYNOPSIS 


Deleterious characteristics of concrete aggregate materials are re- 
viewed, and a simplified arrangement for their classification is pro- 
posed. This arrangement is based on a recognition of harmful proper- 
ties rather than on types of materials, thus providing the testing engi- 
neer with a more systematic basis for laboratory evaluation of aggre- 
gates. Harmful properties that involve chemical action are given the 
same emphasis as those involving the physical nature of the material. 
These properties are discussed in relation to the limitations of con- 
ventional methods of test and the need for supplementary testing 
based on petrographic and chemical techniques. 


INTRODUCTION 


The harmful effect of certain substances in concrete aggregates has been 
recognized since early times. The Romans specified that sand used for masonry 
walls “must be fit to mix into mortar and have no dirt in it.” Empirical tests 
have since been developed to detect the presence of undesirable ma 
terials, and in recent years the increased application of petrographic 
and chemical techniques has greatly extended the knowledge of these substances. 
The list of materials now known to be deleterious in concrete is long but 
most of the harmful reactions are now understood. 

Specifications for concrete aggregates name certain materials as deleterious. 
They are: coal, lignite, clay, soft fragments, bark, wood, material that passes 
through the No. 200 sieve, organic matter, and materials harmfully reactive 
with cement alkali. These substances are taken into account by well stand 
ardized methods of testing. 

Present specifications, however, distinguish these so-called “deleterious” mater 
ials, by inference at least, from other “unsound” materials which are not named. 
These unsound materials are, in general, related to the parent material, are 
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not easily identified except by petrographic analysis, and may constitute 
large proportion of the aggregate. Their presence is determined indirectly by te 
such as compressive strength and freeze-thaw tests on mortar and concrete. 

This distinction between deleterious materials and unsound materials 
aggregate is not altogether tenable. H. S. Sweet’ has stated that “the subj 
of deleterious substances is closely allied to the soundness of aggregates and 
must necessarily be discussed at some length under the latter.” C. W. Aller 
has noted that “the effect of deleterious particles in aggregate overlaps the 
effect of unsound particles.” Since deleterious particles are unsound, and un 
sound particles are deleterious, no distinction should be made in any general 
classification. 

It is important that the relative nature of the term “deleterious material” 
be recognized. A certain type of particle may be harmless under one set of 
exposure conditions, but may be deleterious under other conditions. For 
instance, certain particles with unfavorable pore characteristics, when incor 
porated in concrete exposed to frequent cycles of freezing and thawing, break 
down and rupture the concrete. In more favorable climates, or when the 
concrete is otherwise protected, such particles may be quite stable. The use 
to which concrete is put will also determine whether certain substances are to 
be considered as deleterious. Soft and weak particles in concrete are undesirabk 
where heavy loads must be borne, or where abrasion resistance is required, 
but they may perform satisfactorily in other cases. 

The empirical acceptance tests for aggregates are often inadequate for accurat 
evaluation. Materials which pass these tests satisfactorily may be unfit for us 
in concrete. W. A. Cordon* has reported a case in which a rock easily passed 
the usual laboratory tests and appeared to be excellent material for aggregate. 
However, petrographic examination revealed the presence of a considerable 
amount of interstitial clay which produced excessive expansion in the concret¢ 
when the latter was subjected to freezing-thawing and wetting-drying tests. 

Conversely an aggregate may fail the usual acceptance tests but may b« 
quite satisfactory in service. In the same report Cordon has cited the case of a 
sandstone aggregate which failed badly in nearly all laboratory tests but showed 
good durability to freezing-thawing and wetting-drying tests. Again petro 
graphic examination provided the explanation: the presence of large pores in 
the aggregate which permitted easy drainage during freezing. 

Petrographic and chemical tests have, in many cases, successfully revealed 
the causes of deterioration of the concrete where other methods have failed 
Petrographic methods, in particular, have been developed to permit a mor« 
accurate preliminary evaluation of aggregates in the field as well as to explain 
cases of deterioration of concrete.*® They have become a useful and desirabk 
supplement to conventional acceptance tests but they have required, in use, a 
detailed knowledge of a wide range of deleterious materials. It is now desirable 
that such materials be adequately classified, keeping in mind these newer 
methods of examination, as an aid in systematic evaluation of aggregates. 
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BASES FOR CLASSIFYING DELETERIOUS MATERIALS 


Concrete aggregates, confined to sands, gravels, and quarried rock in this 
liscussion, may be of igneous, sedimentary, or metamorphic origin, each class 
possessing certain general characteristics as to homogeneity, jointing, stratification, 
ind other properties. Within each class there is a wide variation in properties 
depending on geological processes, chemical and mineralogical composition, 
degree of crystallization, stratification and schistosity, chemical activity, and 
resistance to changes in moisture. For example, a rock may be uniform in 


composition throughout, or composed of a succession of layers which differ 


mineralogically; it may be massive or highly stratified; it may be composed 
of one or several fully crystallized minerals; or it may be microcrystalline or 
vitrified. 

Natural sands and gravels, having gone through the additional processes 
of transportation and deposition, are subject to greater variations in properties 
than ledge rock. These processes may have destroyed the weaker particles, 
thus yielding a harder and more durable material, but they may also have 
rendered some hard particles unsound.‘ 

Both ledge rock and natural sand-gravel aggregate may have been altered 
because of weathering and aging processes such as freezing-thawing, wetting. 
drying, heating-cooling, as well as by leaching, oxidation, hydration, and other 
chemical action.” The result is a wide variation in properties of aggregate mater- 
ials, some of which are undesirable for concrete. 

Deleterious materials may be classified according to (a) type of mineral, 
rock, or other substance; (b) effect on concrete; or (c) characteristics of materials 
that adversely affect the quality of the concrete. An arrangement based on 
the type of material would be cumbersome because of the large number of 
such materials, the complex mineralogical names of many of them, and in- 
compatibility with any simple procedure for testing. A classification based 
on the effects of deleterious materials on concrete would not be consistent 
with the testing of aggregates. A simple but comprehensive classification con- 
sistent with the methods of testing aggregates for deleterious materials would 
be one which is based on undesirable properties, or on classes of materials 
which possess characteristics injurious to concrete. Such an arrangement would 
provide a proper perspective for the testing engineer and a logical basis for 
developing a suitable testing sequence. It should be based on both physical and 
chemical characteristics of aggregates." 

F. C. Lang has proposed such a classification.” He divides deleterious mater- 


ials into five classes: 

(a) Substances having high volume change, e.g., highly absorptive shales, 
cherts having high capillarity, and argillaceous limestone 

(b) Structurally weak substances, e.g., soft particles with low compressive 
and flexural strengths 
Surface coatings, e.g., dust, clay and encrustations of substances deposited 
from solution 
Shape of particles 
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(e) Substances affecting chemical activity, e.g., clay, organic materials, sul- 

fides, sugar 

Walker and Bloem" divide deleterious materials into six categories: 

(a) Soft and friable particles which are basically sound 

(b) Soft and friable particles which are basically unsound 

(c) Hard particles which undergo high volume change 

(d) Laminated rocks 

(e) Materials which react with certain constituents of cement 

(f) Obvious impurities such as coal, lignite, sticks, bark, and mud balls 

Neither of these classifications distinguishes between various adverse chemical 
reactions, nor do they take into account certain harmful physical properties 
of aggregate particles. 

In a recent paper, Mielenz® outlines procedures for detailed petrographic 
examination of aggregates. Evaluation is based on physical and chemical proper- 
ties of the particles constituting the aggregate, these properties serving as a 
basis for classification. The term “deleterious,” however, appears to be used 
specifically in relation to chemical reactivity of the aggregate with cement. 


SUGGESTED BASIS FOR CLASSIFICATION 


A classification of deleterious characteristics of concrete aggregate materials 
should provide the testing engineer with a background of organized information 
which will enable him to make an accurate evaluation of aggregates for a job. 
It should enable him to recognize any limitations of standard specifications 
and test methods and indicate the need for supplementary tests; it should 
provide guidance in the selection of a proper sequence of tests; and it should 
aid in the proper interpretation of test results. So that such a classification 
can be of immediate value to the testing engineer, it must be comprehensive, 
but not burdened with highly technical detail and terminology. It should pro 
vide general guidance rather than make all the finer distinctions which must 
necessarily be handled by the specialist. 

In the chart and outline in Fig. 1 the deleterious characteristics of concrete 
aggregate materials are divided into two main groups: those which are harmful 
to concrete due to some physical characteristics, and those involving chemical 
action. The first class is further subdivided into two groups, those involving 
external characteristics of aggregate particles, and those concerned with internal 
properties. The second class, based on chemical action, is subdivided into two 
groups, one in which chemical action occurs independently of the cement and 
one where chemical reaction occurs between a cement component and some 
substance in the aggregate. Some overlapping is unavoidable since scme dele- 
terious materials may possess more than one harmful property. 


Physical—External 


Encrustations—Particles of natural sand, gravel, and larger rock fragments 
may become coated with a crust of foreign mineral substances. These encrust- 
ations may be composed of clay, silt, calcium or iron carbonates, iron oxide, 
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Fig. 1—Suggested classification of deleterious aggregates 


opal, gypsum, or very fine sand cemented by carbonates or oxides through 
the action of ground waters (Fig. 2). 

These surface coatings may seriously weaken the bond between aggre; 
and cement paste, thereby decreasing the strength and the durability of the 
concrete. Where flexural strength is an important consideration, such encrust- 
ations on aggregate particles are particularly harmful. Encrustations containing 
reactive materials such as opal may also promote harmful chemical reactions 


Fig. 2—Coarse aggre- 
gate particles coated 
with encrustations pre- 
cipitated from ground 
waters. Light portion 
largely calcium carbon- 
ate. Dark portion mainly 
iron compounds 
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Fig. 3—Weathered sur 
face crusts on aggregate 
particles. Top—sand 
stone. Lower left—shale. 
Lower right—limestone 


concrete. Clay and silt coatings tend to increase the quantity of fine material 
in concrete with possible harmful effects. 

In cases where encrustations are strongly bonded to the aggregate particles, 
the cement-aggregate bonding is not likely to be harmed. A certain amount 
of coated material can be tolerated in concrete, and the testing engineer must 
base the allowable limits on the nature of the encrustations and results of tests 
such as abrasion, soundness, strength, and freezing-thawing. 

Surface coatings of this type can be recognized visually or by binocular 
examination, using an ordinary penknife or needle for detaching loose particles. 
Identification of the nature of the coated material requires petrographic 
knowledge. 

Highly weathered surfaces—The surfaces of aggregate particles may become 
altered or decomposed due to weathering processes involving the action of 
temperature, humidity, frost, soil constituents, and organic materials (Fig. 3). 
These degenerated surface materials may be detached easily from the rock 
body in which case they are harmful to concrete for the same reason as encrust 
ations. In addition to their poor bonding properties such materials may have 
high porosity and thereby decrease the durability of the concrete. Where thé 
altered surface crusts are strongly bonded to the rock body, and vorosity is 
not unfavorable, no harmful effects occur. 

Altered surface materials may be chemically reactive with cement alkali, 
and any appreciable amounts of such materials should be tested for this property. 

As in the case of encrustations, a limited quantity of such materials can be 
tolerated but appreciable amounts will adversely affect the concrete, particularly 
the flexural strength. Aggregate containing considerable quantities of weathered 
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Fig. 4—Advanced weath- 
ering of sandstone show- 
ing small unaltered core 


materials will usually fail in standard tests such as abrasion, soundness, strength, 
and freezing-thawing. 

Weathered surfaces can be recognized visually or under the binocular mic- 
roscope. The degree of weathering can be determined by breaking the part 
icles and observing the depth of the altered material (Fig. +). Petrographic 
experience is necessary to assess the deleterious nature of the 
altered material. 


Highly polished surfaces—Particles with extremely smooth surfaces may not 
produce a good bond with the cement paste. If present in high proportion 
in gravel aggregate they may be considered as deleterious materials, particularly 
where the flexural strength of the concrete is of major importance. In most 
cases the detrimental effect of such material is compensated for, in whole or in 
part, by the lower water requirement of the concrete mix. Comparative strength 
tests should be made. 


Undesirable shape—Slabby or elongated particles, if present in appreciable 
quantity in aggregate, may seriously affect the strength of concrete, particularly 
the flexural strength. In addition, such materials accentuate the harshness of 
a mix and may increase the water requirement to a degree that will affect the 
quality of the concrete. 

Elongated and slabby particles occur mainly from the crushing of quarried 
rock. Examples are: schists, shales, slates, and other finely stratified sedimen- 
tary or metamorphic rocks. 

Identification of such materials is simple, but it is important that ledge rock 
be given preliminary examination to determine its crushing properties. 

Highly rounded particles, like highly polished particles, if they constitute 
a large proportion of the aggregate, may be. considered as deleterious due 
to decreased surface for bonding to the cement paste. 


Extreme fineness—Specifications for concrete aggregates limit the quantity 
of fine materials passing the No. 100 and 200 sieve sizes. Investigations have 
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shown, however, that quantities of clay, for example, considerably in exc: 
of these limits do not affect the quality of concrete adversely."' 

The nature of these materials determines the amounts that can be tolerat 
and investigational tests are required to determine the mineralogical comp: 
sition and the effect on the strength, volume stability, and durability of concret 


Physical—Internal 


Undesirable pore characteristics—Aggregate particles which possess a com 
bination of high effective porosity and small pore size produce concrete with low 
durability to freezing and thawing.’ Interconnected pores or voids of a diameter 
less than 0.004 to 0.005 mm possess high capillarity but drain effectively only 
at hydrostatic pressures in excess of the tensile strength of some rocks and 
concrete. Water is therefore not readily expelled during freezing. Examples 
are found in all rock types, and often result from alteration due to weathering, 
leaching, and chemical action. 

The relative size of the continuous voids in aggregate particles and in th 
hydrated cement paste is important to the durability and bond properties of 
concrete. Large voids in aggregates are drained by the smaller voids in the 
paste through suction. Smaller voids in the aggregate drain less readily, thereby 
preventing free passage of water during freezing. This condition may result in 
rupture at the aggregate-paste interface. Isolated voids, whether large or small, 
do not appear to have any adverse effect on durability and may actually be 
beneficial. 

Absorption tests give an indication of effective porosity but do not indicate 
pore size. Absorption values in excess of 2 to 3 percent for 24 hr are considered 
undesirable but may rule out materials of large pore size which are durable.' 
Two aggregates may yield comparable absorption values, but one may consist 
of particles of uniform absorption properties and the other may consist of som¢ 
particles having high absorption and some with low absorption. Absorption 


tests do not differentiate such cases. It has been found that absorption of aggre 


gate does correlate with freezing and thawing durability of concrete if the 
material is mineralogically uniform throughout as in the case ‘of limestone. 
But for lithologically complex aggregates absorption cannot be correlated with 
soundness.’ 

It has been stated that “the durability of aggregate does not always correlate 
with the durability of concrete.” Magnesium and sodium sulfate soundness 
tests on aggregate often produce results at variance with results of freezing 
thawing tests on the concrete made with that aggregate. This is due to the 
different mechanisms involved and to the susceptibility of the soundness test 
to small variations in temperature, salt concentration, and drying time. 

Accelerated freeze-thaw tests are presumed to differentiate between aggre 
gates possessing favorable and unfavorable pore properties. It is generally ad- 
mitted, however, that such severe tests may reject materials which may be 
durable under normal weathering conditions. Petrographic analysis is the only 
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Fig. 5—Breakdown of claystone in concrete due to moisture changes 


certain way of ascertaining the nature of the pore structure of aggregates and 
of predicting the durability of the concrete in which it is used. 

High volume change with wetting and drying—Aggregate particles that 
expand excessively with wetting produce distress in concrete. Where such 
particles constitute a large proportion of the aggregate, extensive disintegration 
may result. If present in small amounts, localized cracking and “popouts” may 
occur. 

Materials possessing this property include laminated particles containing 
clayey substances, such as clayey limestones and sandstones, cherts, and certain 
shales. The presence of clay impurities, particularly of the montmorillonite 
type, makes a rock particle susceptible to high volume change on wetting and 
drying due to the effect of hydration® (Fig. 5). Volume change may be different 
in different directions. 

Such materials may fail in soundness tests and may show up in freeze-thaw 
tests in concrete but exceptions have been noted.* Wetting and drying tests 
on concrete are being more widely used to supplement conventional tests. A 
wetting and drying cycling method has also been developed to detect cement- 
aggregate reactivity.’ 

Petrographic analyses are important in preliminary examination of aggregate 
for this property, particularly in the examination of ledge rock to be crushed 
for use as coarse aggregate. 

Lamination and cleavage—Cleavage is the tendency of a crystallized mineral 
to break in certain defined directions. Some minerals like mica, calcite, topaz, 
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Fig. 6—Thin section o 
crystal fragment of feld 
spar, magnified to show 
perfect cleavage planes 
susceptible to splitting 


bea Baan 


ze 


Pk a 


. eed 5 
SIA a 


and feldspar possess a perfect cleavage in one or more directions in which 
adhesion between the two successive mineral layers is at a minimum (Fig. 6). 
Such monocrystalline aggregate particles may easily split when external stress 
is applied. A high proportion of such monocrystalline particles in aggregate 
may affect adversely the compressive and flexural strength of concrete. Mono- 
crystalline fragments of calcite and feldspar, up to 4 in. in diameter and over, 
are not uncommon. 

Stratification and schistosity are also conducive to mechartical splitting due 
to external stress or to the formation of ice lenses. They occur in schists, shales, 
slates, and laminated limestones (Fig. 7). 


Standard tests for aggregates are inadequate for the detection of such ma 


terials. Again petrographic examination is of importance in preliminary testing. 


Fig. 7—Stratified meta- 

morphic rock with pro- 

nounced splitting follow- 

ing planes of weakest 
strata 
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Soft and weak particles—Soft and friable particles are structurally weak and 
possess low resistance to abrasion. In addition they often possess other unde- 
sirable properties such as high absorption and high volume change with wetting 
and drying. A distinction is made between “soft” particles in which the actual 
grains composing the particles are soft, and “weak” particles in which the 
grains, either hard or soft, are weakly bonded or interlocked together. For 
example, some granites are made up of hard crystals of quartz and feldspar 
in which the grains are poorly interlocked; such materials are “weak” and 
have low strength, elasticity, and abrasion resistance. 

Soft particles with a stable binding material may be basically sound and not 
subject to excessive volume change with freezing and thawing. Examples are 
soft sandstones with siliceous or calcareous binder, and certain soft limestones. 

Weak particles may be basically unsound due to inherently weak bonding 
material, and may or may not be subject to high volume change. In this category 
are many stratified materials such as shales, clayey and limonitic sandstones, 
also ochres and certain weathered rocks (Fig. 8). 

Soft and weak particles are detected readily by abrasion, soundness and 
strength tests, but petrographic examination is valuable for preliminary in- 
vestigation. 

Unfavorable thermal expansion—Aggregate particles that differ greatly from 
hardened cement paste-in coefficients of thermal expansion may seriously affect 
the durability of concrete subject to large temperature changes.” The coefficients 
for hardened cement paste range from about 5.9 to 9.0 * 10°, for concrete from 


about 3.6 to 6.8 X 10°, and for ordinary rocks from about 0.5 to 8.9 10" 


per deg F. In spite of these wide ranges any differences in expansivity between 


Fig. 8—Polished sec- 

tion of a “weak” sand- 

stone composed of hard 

grains (light) cemented 

together by weak, clay- 

ey material (dark) 
(x 120) 
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aggregate and cement paste have not been shown to be detrimental to | 
durability of concrete except in the case where the coefficient for the aggreg 
is below about 1.0 X 10° per deg F.* 

Examples of such materials are found among certain granites, limeston 
and marbles. 

Many minerals and rock particles show different thermal coefficients of ex 
pansion in different directions, for example, calcite and potash feldspars 


Aggregates containing high proportions of particles composed of large crystals 
of these materials can cause rapid deterioration of concrete subjected to wid 
and rapid changes in temperature. Large crystals cemented together to form 
coarse textured rocks may show thermal instability for the same reason. 

Identification of such materials can be done effectively by petrographix 
examination. Their deleterious nature may be revealed by low durability of 
the concrete to freezing and thawing and heating and cooling. Accelerated 
freeze-thaw cycling is probably too severe and may cause rejection of materials 
which are durable under ordinary conditions. 
Chemical—Reactivity with cement 

It is unfortunate that chemical reactivity in general, and cement-aggregate 
reactivity in particular, have become associated only with the alkali-aggregat 
reaction by many concrete engineers. The reaction between cement alkali and 


Fig. 9 (left)—Gel exudations due to alkali-aggregate reaction, showing 
hardened gel and globules of liquid gel. Fig. 10 (right)—Hardened ge! 
extrusions from pores on concrete surface 
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ig. 11—"Rim” formation 

‘round aggregate parti- 

le due to alkali-aggre- 
gate reaction 


certain reactive constituents in some aggregates is only one of several known 


harmful chemical reactions involving aggregate in concrete. 


Alkali reactivity—Certain minerals and rocks react chemically with the 
alkalies present in cement and produce silicate gels in the concrete (Fig. 9 and 
10). These gels generate osmotic action in the presence of water which results 
in the development of hydrostatic pressures within the concrete mass. In extreme 
cases these pressures may exceed the tensile strength of concrete and produce 
deterioration (Fig. 11). 

These reactive materials include minerals such as opal, chalcedony, tridymite 
and crystobalite; rocks such as glassy or cryptocrystalline rhyolites, dacites, and 
andesites; also opaline and chalcedonic cherts and phyllites. 

Most of these materials appear to be unique in that harmful amounts are 
limited to a relatively small fraction of the whole aggregate. Aggregates con- 
taining large proportions of these materials may produce no harmful effects in 
concrete. In cases where it is economically necessary to use potentially reactive 
aggregates, the danger of concrete deterioration may be effectively reduced by 
using low-alkali cements or by replacing part of the cement with a suitable 
pozzolanic material. 

Potentially reactive aggregates are not revealed by the usual acceptance tests 
and special methods have been developed. These involve physical, chemical, 
and petrographic techniques. 

Organic impurities—The presence of even small amounts of organic materials 
in concrete will interfere with an effective bond between cement paste and 
aggregate. Interaction between an organic substance and the cement paste 
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solution may produce secondary substances, such as hydration products, whi 
decrease the strength and durability of the concrete. 

Soil humus, wood particles, bark, coal, lignite, and other vegetable and anim 
products belong in this category. Sand and gravel may become contaminat: 
through carelessness in removal of ove:burden. 

The standard colorimetric test is effective in detecting harmful quantities | 
organic impurities in aggregate. The presence of coal or lignite may interfer 
with the proper interpretation of test results, however. 

Soluble salt impurities—The presence of soluble salt impurities in aggregat: 
may affect the quality of concrete through salt reaction with a cement component 
or may affect the setting and hardening by changing the composition of the 
paste solution. 

Possibly the most common salt impurity in aggregate is gypsum. This sub 
stance reacts with the aluminate component of the cement, producing a calcium 
sulfo-aluminate compound with large volume change. The resulting expansion 
and deterioration of the concrete is similar in nature to that which occurs when 
ordinary concrete is placed in contact with soils containing high concentrations 
of soluble sulfates. The rate of setting and hardening of concrete may also be 
affected. 


The usual acceptance tests for aggregates do not reveal the presence of these 
deleterious substances. Special chemical or petrographic tests are necessary. 


Base exchange—Zeolitic minerals and certain adsorptive clays are subject to 
base exchange in which the calcium ions from the cement paste solution are 
adsorbed, replacing sodium or potassium ions originally present in these ma 
terials. The change in composition of the paste solution may affect the setting 
and hardening of the concrete. The resulting increase in the alkali content in 
the paste solution appears to be one cause of excessive efflorescence, and may also 
promote reaction with alkali-reactive aggregates. 

Such deleterious materials can be identified only by petrographic and chemi 
cal methods. 


Chemical—Independent of cement 


Oxidation—Certain minerals, such as iron compounds, may undergo oxidation 
and produce distress in the concrete through large volume change. Unsightly 
popouts are often evidence of this reaction (Fig. 12). Iron pyrite is an example. 
Such materials are not revealed by the standard acceptance tests and can be 
identified only by chemical and petrographic methods. 


Hydration—Minerals such as pyrites and marcasite may first be oxidized and 
then hydrated to sulfuric acid and hydrated iron oxides with large increase in 
volume. Continued oxidation of iron compounds and hydration of iron oxide 
products in clay ironstones may cause popouts in concrete or extensive deter- 
ioration if present in large quantities. 

The large volume changes occurring in concrete as a result of wetting and 
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ig. 12—‘’Popouts” in 

oncrete due to oxida- 

ion of iron compounds 
in aggregate 


drying are often due to hydration of clayey materials which may be present in 
the fine fraction of sand or in the strata of laminated rocks in the aggregate. 

Standard acceptance tests for aggregate are inadequate for detecting these ma 
terials and must be supplemented by petrographic methods of test. 

Carbonation—Magnesia impurities in aggregate may become carbonated with 
a large increase in volume resulting. Such impurities are not easily detectable 
by the usual tests for aggregates. 

Air-entraining impurities—Certain organic impurities which are not revealed 
by the standard colorimetric test have been shown to entrain large amounts of 
undesirable air in concrete.'* This results in a reduction in the unit weight 
and compressive strength of the concrete and interferes with the function of 
proper air-entraining agents. 

Solubility—Particles which are made up in part of partly soluble compounds 
such as gypsum may be deleterious to concrete. The soluble constituents may be 
leached out, leaving a porous particle which is susceptible to freezing and thaw- 


ing action. Such materials are not detected by the usual tests. 


SUMMARY 


Present specifications and methods of test for deleterious and unsound mater- 
ials in aggregate have been subject to considerable criticism.’* “Instead of try 


ing to enumerate and set limits on the various substances which are considered 
to be deleterious would it not be better to develop tests based on the particular 


behavior of these materials which make them injurious to the concrete in which 
they are embedded?” In this paper an attempt has been made to provide a 
suitable classification on which suitable tests can be based. 

The suggested arrangement gives emphasis to petrographic and chemical con- 
cepts which have been largely instrumental in explaining the nature and effects of 
deleterious materials. It focuses attention on the limitations of conventional ac 
ceptance tests and provides a basis for supplementary testing. 
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SYNOPSIS 


Pier No. 57 on the Hudson River in New York City has received con- 
siderable publicity due to its unique design. Of particular interest to 
the construction industry are the manufacturing methods employed 
in the fabrication of the 3148 precast, prestressed concrete stringers 
The pre-tensioning method was selected. Casting beds, forms, ten- 
sioning equipment, and manufacturing procedure are described. 


THE CONSTRUCTION PROBLEM 


The “world’s most modern pier,” Pier No. 57 on the Hudson River in New 
York City, has received considerable publicity due to its unique design.t Many 
innovations introduced during its construction have been of unusual interest to 
the construction industry. 

In plan, the pier is shaped like a “T;” the stem, 725 ft long and 150 ft wide, 
forming the pier proper, and the cap, 375 ft long and 150 ft wide, forming the 
bulkhead structure at the shore line. 

The substructure consists of three watertight concrete boxes, one under the 
bulkhead structure, and two under the pier proper, sunk just below the mean 
low water level. The two larger boxes, 34 ft high, 360 ft long, and 127 ft wide 
at the base, provide sufficient buoyancy to support approximately 85 percent of 
the dead weight of the superstructure above. Due to space limitations of the 
pier site, these concrete boxes were constructed in a natural drydock located at 
Haverstraw, N. Y., about 38 miles from the site, floated down the Hudson 
River,§ and sunk at their final location. 

The main deck of the pier is supported off the top of the boxes by concrete 
girders 2 ft wide and 11 ft high placed perpendicular to the long axis of the 
boxes, and spaced 20 ft on centers. The deck, designed for a live load of 600 
psf, consists of precast, prestressed concrete stringers spanning the girders and 
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covered with a cast-in-place 4-in. reinforced concrete topping and wearing cou 

Of particular interest to the construction industry are the manufacturi 
methods used to fabricate the 3148 precast, prestressed concrete stringers. Suf 
cient area was not available at, or near, the pier site, and the casting yard y 
set up on a fairly level site adjacent to the natural drydock used for construction 
of the concrete boxes for the pier substructure. While this location involved 
transporting the stringers about 38 miles to the pier site, its proximity to th 
Hudson River permitted the use of relatively economical barge shipment down 
the river with direct loading onto the barges at the casting yard, and from the 
barges to the desired position on the pier structure. Consideration was also 
given to advantages to be gained by locating the yard adjacent to the site of the 
box construction, which had been underway for some time prior to fabrication 
of the stringers, with its field offices and sheds, form and reinforcing steel fab 
ricating yards, ready-mixed concrete plant, and large quantities of labor and 
equipment in constant use. This was especially important in the earlier stages 
of layout and construction of the casting beds and facilities, when part-tim 
use of labor and equipment from the larger operation became economical 
without the liability of expensive idle and travel time charges. 


DESIGN OF STRINGERS 


Of the 3148 stringers required, 2244 (identified as type I) were identical. The 
remaining 904 were divided among four types with variations in their length 
and the quantity of reinforcing, but with identical cross section and rein 
forcement size as type I, which permitted the use of the same forms for all five 


types. A study of the stringer cross section caused some concern in planning th« 


casting forms, as the flanged top and narrow opening, combined with numerous 


closely spaced prestressing wires, might delay filling the forms and interfere with 














Fig. 1—Stringer cross sec- 
ORIGINAL REVISED tions 





MANUFACTURING METHODS IN CONSTRUCTION 1005 


per vibration of the concrete. Consultation with Madigan-Hyland, the de- 

mn engineers, and the Freyssinet Co., prestress consultants, resulted in revisions 

‘ig. 1) which were felt would simplify the fabrication and reduce the possi- 

ity of honeycombed surfaces. The revised cross section contained grout keys 

the sides for partial load transfer between adjacent units, improving the 
onolithic properties of the completed deck. The wider top also increased the 
urface area of the installed stringers and proved to be a more serviceable working 
latform for placing the reinforcing and wearing course. Although the new 

ross section was slightly larger, adding approximately 150 lb to the type I 
stringer, the additional quantity of material replaced a like quantity of the 
floor fill requirements. 

The revised stringer (Fig. 1), in the form of a modified I-beam, had a top 
flange of 14 in., a bottom flange of 18 in. and a height of 12 in. The lengths 
ranged up to 19 ft for the type I unit. The type I stringer (Fig. 2) was pre 
stressed with 30 high tensile strength wires, 0.192 in. in diameter, placed in 
six horizontal rows, and spaced at 1! in. on centers in both horizontal and ver- 
tical directions. The wires were detailed without deflection, in a straight line 
parallel to the long axis of the stringer. This design layout of the wires per 
mitted prestressing by either pre-tensioning or post-tensioning methods. The 
contractor was given the option of using either method, with approval of the 
design engineer of the method selected. 


CASTING BEDS 


After thorough study, the pre-tensioning method was selected. This method, 
using only the bond of the concrete to the wire for maintaining the tension, 
eliminated separate anchorage devices on each stringer. It also eliminated wrap- 
ping of individual wires, or the use of sleeves with later grouting operations. 
The method did involve the construction of additional casting beds and anchor- 
age abutments, as the tension had to be maintained by the abutments until 
sufficient strength was obtained in the concrete to transfer the stress to the 
stringers. A decision to prestress a quantity of stringers simultaneously, however, 
reduced the number of casting beds and attendant anchorage abutments to a 


minimum, and had the further advantage of reducing the labor for prestressing 
each stringer. 
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A production rate of 48 units a day was selected to provide an efficient dai! 
working schedule for labor and was sufficient to meet the over-all progre 
schedule. Further, the total tension required to stress the wires of all 48 stringe: 
simultaneously was within the limits of practicable available stressing equipmen 

Each casting bed was arranged with three lines of 16 molds each for a total 
of 48 units for each bed. Three separate lines meant duplication in placing and 
anchoring wires, but the shorter bed length confined the working area, and r 
duced the longitudinal travel of the jacks in elongating the wires during ten 
sioning. Concrete compressive strengths of 4800 psi, 80 percent of the ultimat 
7-day design strength of 6000 psi, was specified to provide sufficient bond within the 
stringer to anchor the wires. Three days of curing were required to obtain this 
strength prior to transferring the stress from the abutments to the stringers, which 


resulted in the use of four casting beds to provide the daily production of 48 
units. 


After minor grading, the site was covered with crushed stone for drainage, 
and construction of the casting beds commenced. Each bed, 363 ft long and 12 
ft wide, was composed of a 7-in. reinforced concrete slab with two anchorage 
abutments, a jacking abutment on one end, and a dead-end abutment on the 
other. The abutments, 12 ft wide and 5 ft deep, transmitted the majority of the 


Fig. 3—Casting yard 
for fabrication of pre- 
cast concrete side forms 


Fig. 4a—Operating brac- 
kets bolted to side forms 
prior to form erection 


Fig. 4b—Side forms in- 
stalled with operating 
mechanism 
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jacking stress to the ground, with a small portion transmitted to the casting 
bed slab through a 7-in. slab and two beams. The beams, cast monolithically 
with the abutment, tapered from 5 ft at the abutment to 114 ft at the junction 
with the bed, some 25 ft from the abutment. The slab and beams also provided 
restraint from the overturning moment on the abutment. Each beam was pre- 
stressed with six groups of ten wires, anchored at the bed end and extending 
up to anchors on the top of the abutment. The wires, encased in metal tubes, 
were post-tensioned and anchored with Freyssinet jacks and anchors. Transverse 
prestressing included six groups of ten wires in the abutment proper and one 
group of ten wires at the bed end of the beams, similarly tensioned and anchored. 

As construction proceeded on the bed and anchorage abutments, 384 mold 
side forms were being fabricated of precast concrete in a small casting yard at 


the edge of the site (Fig. 3). Concrete from a small stationary mixer was con 


veyed by wheelbarrow to the wood forms, and the castings were stripped each 


day by hand-operated chain hoists suspended from a gantry. The same gantry 
moved the castings to an adjoining area for curing and storage. After curing, 
the castings were distributed on the casting bed. A job fabricated bracket, the 
operating mechanism for closing and cpening the forms, was bolted to each end 
of the side form (Fig. 4). 

The side forms were supported on each end by a loose section of greased 
pipe placed on the bed perpendicular to the form. The pipe also functioned as 
a rail for horizontal movement of the form in closing and opening the mold. The 
form, being top-heavy, was restrained from falling toward the mold by a 
section of angle placed above the lower arm of the bracket and bolted to the cast- 
ing bed. Although upward movement was prevented, there was no interference 
with horizontal movement for operating the form. In moving the side form 
(Fig. 5), a lever bar was inserted in a notch in the upper arm of the bracket 


Fig. 5—Lever bar was inserted in 
operating bracket to move side 
forms 
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and hooked on the embedded bolt, and the form slid easily on the greased pi 
Although the forms were fairly stable because of their weight, three pipe yok 
were placed over the top of the mold to maintain the top dimension and pi 
vent movement of the side forms. The base of each mold consisted of a 
wood panel the size of the stringer, with a 2 x 4in. wood runner under ea 
long edge. Wood guides, attached to the bed between the runners, held th 
panel in line and when the side forms were closed against it, automatically 
aligned the mold. The plywood base was free to move longitudinally to ac 
commodate movement of the stringers as the prestress tension was transferred 
from the abutments to the stringers. The section of the wires between indi 
vidual molds, not being encased in concrete, shortened as the stress was re 
leased and the stringers were drawn closer together. 


CASTING OPERATIONS 


In operating the casting bed, the molds were cleaned with compressed ait 
with the forms open. Moving on rails across the jacking end of the bed was 
a 20 ft square platform containing 30 coils of wire (Fig. 6). The 15 vertical 
spindles had two horizontal reels each supporting a coil of wire. Friction plates 


at the base of each spindle prevented the reels from running free and un 


Fig. 6—Movable spindle 

platform contains 30 

coils of wire on individ- 
val reels 


Fig. 7—Wires were 
threaded in groups of 
ten through sleeves in 


ees the jacking abutment 

yA kia a ‘oanl™ and jacking beam. Tem- 
a ~ plate prevented twisting 
= : . ~ a of wires as sled moved 


along top of forms pull- 
ing wires 





MANUFACTURING METHODS IN CONSTRUCTION 1009 


winding excessive lengths of wire. The free end of each of the 30 coils was 
pulled out, passed through a template on a plywood sled (Fig. 7), and locked 
in place. The sled slid on top of the mold forms as it was pulled toward the 
dead-end anchor abutment by an air operated winch. At the abutment the wires 
were unlocked, but left threaded through the template; passed through a steel 
template properly positioned on the abutment; separated into three groups of 
ten wires each; and each group then fed through a pipe sleeve in the abutment 
and locked with Freyssinet anchors. Hydraulic jacks, operating against a con- 
crete bucking block, (Fig. 8) set the inner cone, anchoring the wires firmly in 
position. To remove any twisting in the wires, the sled, with the wires still 
threaded through the attached template, was pulled back to the jacking abut- 
ment. As the sled was returned, the wires were bunched together and taped at 
10-ft intervals to remove slack and reduce, as far as possible, unequal lengths 
in the wires. The wires were cut from the coils, passed in groups of ten (Fig. 
7) through pipe sleeves in both the abutment and the steel jacking beam behind 
the abutment, and the steel template removed from the sled and positioned on the 
abutment. The movement of the jacking beam during tensioning of the wires 
precluded the use of a stationary bucking beam at this end, and a portable steel 
beam was supported on the face of the jacking beam by pin and eye connections. 
The hydraulic jack was placed between the two beams and set the inner 
cones to anchor the wires. The same operation was duplicated for the other two 
lines of molds on the casting bed, and when all 90 wires (30 wires for each of 
the three lines) were anchored at the jacking beam, prestressing was started. 
The tensioning equipment (Fig. 9), two 6-in. 100-ton hydraulic jacks actuated by 
a steam pump converted to compressed air operation, was lowered as a unit into 
position between the abutment and the jacking beam. Sufficient tension was ap- 


plied to the wires to partially remove the slack, the jacks stopped, and the tape 


Fig. 8—Setting inner cone of Freys- 
sinet anchors to lock wires at dead- 
end abutment 
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Fig. 9—Tensioning equipment 
placed between abutment and 
jacking beam to stress wires 


removed from the bunched wires. A metal shield was used to protect the wires 
while the side forms were coated with oil (Fig. 10). The plywood base was 
plastic coated and did not require oiling. Side forms were levered into posi 
tion, the pipe yokes placed over the mold and wedged tight, and the end bulk 


heads for the individual molds installed. The bulkheads (Fig. 11) consisted of 
1¥,-in. plywood slats, notched along one edge to receive the wires and set 
horizontally in recesses in the ends of the side forms. Vertical battens on each 
edge of the bulkhead, and wood braces between battens of adjacent molds held 
the bulkheads in place. Tensioning of the wires was then continued until a 
stress of approximately 225 tons had been applied to the jacking beam, rep- 
resenting a stress of 5000 lb on each of the 90 wires (Fig. 12), moving the jacking 


oe we iif, 


Fig. 10—Side forms were oiled Fig. 11—Bulkhead installation with 
with wires under partial tension wires under full tension, approxi 
and protected by metal shield mately 5000 Ib on each wire 
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Fig. 12—Bed No. 2 looking to- 
ward jacking abutment with molds 
ready for concrete 


Fig. 13—Tensioning equipment re- 
moved and pipe struts in place to 
maintain wire tension 


Fig. 14—Forms stripped and 48 
stringers ready for removal from 
mold 


Fig. 15—Completed stringers stock- 
piled for shipment. Stringers in 
same relative position as in pier 
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beam about 24 in. in elongating the wires. Two steel pipe struts (Fig. 13 
filled with concrete and capped with steel plates, were placed between t! 
jacking beam and the abutment to maintain the tension in the wire while th 
tensioning equipment was removed for use on the next casting bed. 

Molds were then filled with concrete, compacted with internal vibrators, and 
dowels set in the top for bonding the concrete deck fill to the stringers. A hai: 
pin was substituted for a dowel on each end for lifting the stringer. The con 
crete was covered with burlap and water-cured for 3 days, the side forms being 
opened after 24 hr to facilitate curing. 

On the fourth day the tensioning equipment was again positioned, the 
struts removed, and the stress gradually transferred from the abutments to the 
stringers. The wires were cut midway between the stringers, leaving 11 in. of 
wire protruding from each end for bonding with the deck fill, and the stringers 
were ready for removal from the molds (Fig. 14). 

The stringers were then removed from the molds, stored on the site (Fig. 15), 
and loaded aboard barges for shipment to the pier site as required. 


For such discussion of this paper as may develop please see Part 
2, December 1956 Journal. In Proceedings V. 52 discussion im- 
mediately follows the June 1956 Journal pages. 
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Summary of Composite Bridge Beam Questionnaire Survey 
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A questionnaire concerning the use 
of composite beams in highway bridges 
was sent to the highway departments 
of the 48 states, and to similar agencies 
in Australia, England, France, Germany, 
and Sweden. Forty-three of the states 
and all the foreign countries replied 
to the questionnaire; the results are here 
presented. The first question asked was: 

Has your organization built 
(and if so, how frequently) or 
proposed building any steel 
beam (rolled or_ built-up 
beams) and concrete _ slab 
bridges in which shear con- 
nectors have been installed to 
obtain composite action of the 
slab and beams? 

Answers from 25 states indicated that 


use of shear connectors was general or 
standard practice without referring to 
span length or type of span (simple 
or continuous). Five states indicated 
general use of shear connectors: for 
spans of 30 to 55 ft. Ten states indicated 
infrequent use of shear connectors but 
stated that they had built or proposed 
building bridges with shear connectors. 
Only two states did not favor use of 
composite construction and only one 
State answered “no” to question (1). 
Replies from all foreign countries in- 
dicated that the use of shear connectors 
was rather general practice 
way bridges. 

The second question asked was: 


Has your organization built 
(and if so, how frequently), 


on high- 
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or proposed building, any steel 
beam (rolled or _ built-up 
beams) and _ concrete _ slab 
bridges in which advantage 
was taken in the design of the 
extra strength given by com- 
posite action of the slab and 
beams? If so, was full or only 
partial advantage taken of the 
composite action? What types 
of shear connectors were used? 
Twenty-four states replied that ad- 
vantage was taken in design for live 
load only. Nine states indicated full ad- 
vantage taken in design without in- 
dicating whether this full advantage 
was taken for dead and live load, or live 
load only. Six states indicated full ad- 
vantage taken, sometimes jacking the 
beams during construction to give full 
advantage for dead load as well as live 
load. Several indicated full ad- 
only by 
moment 


states 
load 
positive 


for live 


in 


vantage taken 


shear connectors 
regions only of continuous beams, while 
two indicated their in 
moment Full 

apparently is commonly taken in design 


use negative 


regions also. advantage 


for live load by the foreign countries. 
Fig. 1 


most 


the 
used in 


connectors 
the United 
States. Channels and spirals are by far 
the 21 
use of channels and 1 


shows shear 


commonly 


most popular, states reporting 


3 reporting use of 
spirals. Use of angles was indicated by 
seven states without specifying how they 
were used, i.e., the side or end 


on on 


Three states reported use of angles on 
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Angle on End 
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I Hoop, ond Bor 
end with a bar across the top of the 
angles. Rod U’s (loops) were used by 
four states, three states used Z-sections 
and three used bulb angles. (Presumably 
Z-sections and bulb angles are used in 
same relative manner as channels.) Also 
reported were plates, inclined struc- 
tural T’s, braced channels, hooked flat 
bars, and a variety of hooked round 
bars. One interesting European idea was 
that of projecting the web of a plate 
girder into the slab and developing bond 
by means of transverse prestressing 
of the slab. 

A new type of shear connector which 
has appeared recently in the United 
States is the stud welded shear con- 
nector. This has been shown in Fig. 1 
because of current interest in its use. 
This connector possesses certain ad- 
vantages which may make its use fairly 


May 195 


Fig. 


1—Types of shear 
connectors 

















common, especially if convenient and 
inexpensive methods are perfected for 
welding the studs to the flanges after 
the forms are in place for the concrete 
roadway slab. This would permit much 
greater ease and safety of walking on 
the top flanges than the present prac- 
tice of welding shear connectors in 
place before the beams are set on the 
piers. 

As far as known to the writer, the 
stud welded shear connector is the only 
one which is patented at present. The 
spiral (Alpha spiral) was once patented, 
but the patent expired some time ago. 

It is believed that use of shear con- 
nectors will in most cases provide great- 
er economy in highway steel-beam-con- 
crete-slab construction than will be ob- 
tained if no advantage is taken of com- 
posite action. 








Problems and Practices 








A series relating to “down-to-earth, 
everyday” concrete problems which at- 
tempts to give brief answers to the more 
common (and sometimes uncommon, 
too) questions asked about concrete de- 
sign and construction practices. 

To some, the answers will seem simple 
and obvious; others may prove to be ez- 


tremely controversial. 

All ACI members are invited to par- 
ticipate—either by submitting an in- 
quiry, or even better, by telling JOUR- 
NAL readers how an intriguing problem 
was solved. It may well be that readers 
will be able to suggest more practical 
solutions than those presented. 





CONCRETE BRIEFS 


Q. How do the changes in the ACI 
uilding Code affect requirements for 
eb reinforcement ? 

A. The trend toward the use of 
igher strength concretes in recent years 
as made a re-examination of the shear 
provisions necessary since allowable 
values of shear stress have been ex- 
pressed as percentages of the concrete 
(compressive) strength. Some research 
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employing higher strength concretes has 
indicated that the shear capacity (di- 
agonal tension resistance) of concrete 
may not be necessarily a linear function 
of the compressive test strength.* 

A fundamental purpose for all mini- 
mum requirements in the Code is to in- 
sure a gradual yielding-type failure 
under ultimate load. If small percent- 
ages of web reinforcement are used, it 


TABLE 1—COMPARISON OF SHEAR AND WEB 
REINFORCEMENT PROVISIONS 





1951 Code 
For all flexural members 
2 0.08 fe’ 
0.12 fe’ 


1. Unreinforced : maximum v- 


2. Reinforced: maximum v- 


Maximum portion of shear on reinforce- 
ment with: 


A. Vertical stirrups only 0.05 fe’ 


B. Bent bars { 


0.03 fe’ radii of bend<3d 
only 


0.09 f-’ radii of bend 


21d 


C. Inclined stirrups only 0.09 fe’ 


D. Combina- pinctined stirrups < 0.06 fe’ 

tions Vertical stirrups < 0.06 fe’ 
‘Bent bars < 0.06 fe’ 
Concrete is assumed to carry 
shear equal to 0.03 f.’ with rein- 
forcement A, B, C, or D. 


} 


| 2. Reinforced 


1956 Code 
For isolated continuous or restrained mem- 
bers not capable of T-beam action 
1. Unreinforced: maximum v-. = 003 f/f.’ or 
90 psi 
maximum ve = 0.12f.’ or 
360 psi 
Maximum portion of shear on reinforce- 
ment with: 
| 
A. Vertical stirrups — 2/3 v min- 
imum shear 
0.15bs min- 
imum area 
0.0533 fe’ 
or 160 psi 
maximum 


only alone 
. Inclined stirrups) or 
only | both 
| together 
. Bent bars only 


Concrete in A, B, and C is as- 
sumed to carry a maximum shear 
varying from 0.01 fe’ or 30 psi to 
0.0267 fe’ or 80 psi 
. Combinations of reinforcement: 
variable from 0.01 f.’ or 30 psi 


Concrete { to 0.03 f.’ or 90 psi maximum 





either 


Vertical stirrups 
Inclined stirrups 


0.05 fe’ 


typ 
alone or 
maximum 


both to- 
gether 

0.04 f-’ minimum shear 
0.06 fe’ maximum shear 


0.12 fe’ or 360 psi 


Bent bars 





Maximum total 
| Note 
b = width of beam at mid-depth 
| s = spacing between lines of web 
reinforcement 








COMPARISON OF AREAS OF WEB REINFORCEMENT REQUIRED 





Maximum v for triangu- 
lar shear diagram 1650 in. 
long 


0.03f0’|0.04f’ 


640.050.010.081 |0.0% 
| 


| 


| | 7 
0.10f¢"|0 11f¢"|0.12f-" 





Ratio of shear reinforce- 
ment required (1956 Code/ 


0/0 
1951 Code) 


4.67 











| Nl l 
2.67 |2.00 nn a /1.33 \ 4 
| =. as Ve ae 


(1.19 
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*Moody, K. G., Viest, I. M., Elstner, R. C., and Hognestad, E., 


“Shear Strength of Rein- 


forced Concrete Beams,”"’ ACI JourNAL, Proc. V. 51: Dec. 1954, pp. 317-332; Jan. 1955, pp. 417- 
436; Feb. 1955, pp. 525-540; Mar. 1955, pp. 697-732. 


Bresler, Boris, and Pister, Karl S., 


“Failure of Plain Concrete Under Combined Stresses,"’ 


Proceedings, ASCE, V. 81, Separate No. 674, Apr. 1955, 17 pp. Discussion: V. 81, Separate No 


776: V. 82, Separate No. 876 
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| - RR 

Yams O12; } 2 cats CARRIED ON STEEL 
> 


/ ~~ _CARRIED ON CONCRETE 


Triangular shear diagram 
under ACI 318-51 
For sections where v < 0.02f., 


shear reinforcement may be any 
single type, or any combination with 
2/3V’ maximum on any single type 
in such combination. For sections 
where v > 0.08f.’, shear reinforce- 
ment may be any of the following 
types: (a) bent bars only, (b) inclined 
stirrups only, (c) bent bars or in- 
clined stirrups for 1/3 V’ minimum, 
remainder vertical stirrups to 2/3 
Vv’ maximum, (d) any combination of 
bent bars and inclined stirrups with 
2/3 V’ maximum on either type 











is conceivable that a brittle failure 
would occur as soon as diazonal ten- 
sion caused a rupture of the concrete 
and the full shear force would be sud- 
denly thrown on the light web rein- 
forcement. Research results on tests to 
failure in shear have been made too 
recently to permit the proper evaluation 
necessary for an over-all change in the 
methods of design for shear. These tests 
do indicate, however, that the factor of 
safety under present design procedure 
is less than desired with the higher 
strength concretes which are now in 
wider use. To insure an equivalent factor 
of safety under present design methods, 
a ceiling on allowable shear stress equiv- 
alent to that allowed for 3000-psi con- 
crete was adopted. To avoid the use of 
excessively light web reinforcement sus- 
ceptible to a sudden failure at ultimate 
load, e.g., at the “toe” of a triangular 
shear diagram, a minimum area of web 
reinforcement was established. For 
shear reinforced sections, a minimum of 
0.15 percent of the horizontal cross 
section at middepth of the beam (width 
at middepth times stirrup spacing or 
times length of diagram for shear on 
web reinforcement) is called for. 

In addition, the requirement was a- 
dopted that web reinforcement be suf- 
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CARRIED BY STEEL AS NOTED IN 4.8.08 c 


Venn = 0.086. 
° 
OR 240 St MAX. | “e=003¢ 


7} LY. 0 a a 


4 
Ye 30.0287 4,’ « =O 01g 
OR 80 PS! a 30 PS! MAX 





Triangular shear diagram-—single 
type shear reinforcement under 
ACI 318-56 


conmmne BY STEEL AS NOTED IN D 
Van O26! — TO HERE CARRIED BY v STEEL AS NOTED IN A, B.0R ¢ 
OR see MAX \ os = ” i 
- \ 


>_ REINFORCED AS NOTED 
IN A,B,0R C v 0086, 





ee = 0034; 

008. con 270 Ps! ae OR 30 PSI MAX OR 90 PS) max 
Triangular shear diagram—com- 
bined shear reinforcement under 


ACI 318-56 


ficient for two-thirds of the total shear 
in isolated continuous or restrained 
members not capable of T-beam action 


The superior anchorage and structural 
action of longitudinal reinforcement bent 
up into the form of truss bars in the 
resistance to a brittle failure have been 
recognized. They are utilized in the re- 
quirement that truss. bars be employed 
at any section in which the shear is 
more than 0.08f,’ or 240 psi for a mini- 
mum of 0.04f,’. The former sliding scale 
of maximum design capacity for shear 
to be carried by bent bars in proportion 
to increasing radii of bends is elimin- 
ated. A minimum radius of six bar dia- 
meters and a single maximum limit of 
shear are specified. The use of truss bars 
is thus standardized and considerably 
simplified from the previous require- 
ments. 


Table 1 summarizes provisions unde! 
the 1951 Code and the 1956 Code for 
isolated continuous or restrained mem- 
bers not capable of T-beam action. Note 
that the contribution of the concrete to 
the ultimate resistance of a_ section 
reinforced for shear is recognized but 
assigned reduced values at 
which would otherwise be too 
reinforced. 


sections 
lightly 
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of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Load distribution theory for bridge 
slabs allowing for the effect of 
Poisson’s ratio 
R. E. Rowe, Magazine of Concrete Research 
(London), V. 7, No. 20, July 1955, pp. 69-78 
AUTHOR's SUMMARY 
A load distribution theory for bridge 
slabs in which account is taken of the 
effect of Poisson’s ratio is presented. The 
effect of the value of Poisson’s ratio on 
the theoretical distribution factors for 
deflections and longitudinal bending mo- 
ments is discussed. In the case of the 
transverse bending moments a series of 
curves for the distribution coefficient, 
y, have been prepared from which ac- 
curate assessments of the moments can 
be made allowing for a Poisson's ratio 
of 0.15, i.e., for materials such a3 rein- 
forced and prestressed concrete. 


Structural analysis of monolithic 
girder road bridges 
A. G. Tapros and A. GHALI, Bulletin of the 
Faculty of Engineering, Cairo University, 
Giza, Egypt, 1954-55, pp. 37-56 

Suggests a method of design using 
approximations based on both theoret- 
ical analysis and model tests, which re- 
flect more accurately the structural be- 
havior of such systems than the con- 
ventional methods of design. Examples 
of both right angle and skew bridges 
are considered. The 


is that the transverse 


most important 


conclusion stif- 


A part of copyrighted JouRNAL OF THE AMERICAN CONCRETE INSTITUTE, V. 27, No 
Proceedings V. 52. Address 18263 W. McNichols Rd., Detroit 19, Mich. 
title only is given in a review, the book or article reviewed is in English 


fening girders need not be made very 
stiff in comparison to the main girders. 
The behavior of the floor system will 
not be changed much within a wide 
range of comparative stiffness of the 
transverse girders. 


Construction 


Prestressed concrete silos: Novel ex- 


pedients for economic construction 


Engineering (London), V. 180, No. 4692, Dec 
30, 1955, pp. 895-896 


Cylindrical silos for storing refined 
sugar 

The Engineer (London), V. 201, No 

Jan. 27, 1956, pp. 134-135 


Reviewed by Aron L. Mirsky 


Describes construction of two silos 66 
ft in diameter and 100 ft high, with a 
total capacity of 16,000 tons of sugar. 
The slip forms used in concreting were 
maintained in true alignment and shape 
by using the steel roof structure as brac- 
ing. A new.type hydraulic jack was 
used (see Engineering, Sept. 23, 1955, 
p. 422). The silos were post-tensioned by 
external wires, protected by shotcreting. 


Concrete production and control on 
the Lee hydroelectric power scheme 
JOHN O'Donovan, Bulletin No. 3, Transactions 
V. 82, Institution of Civil Engineers of Ire- 
land (Dublin), Feb. 1956, pp. 83-111 
Production and control of aggregates 
and the placing, control, and testing of 
concrete for the Lee hydroelectric devel- 
9, May 1956, 


Where the English 
If it is followed by 


a foreign title the work reviewed is in that language. In those cases where the foreign title 
cannot conveniently be set in type or is not available, the language of the original article is 
indicated in parenthesis following the English title. Copies of articles or books reviewed are 
not available through ACI. Available addresses of publishers are listed in the June ‘‘Current 
Reviews’’ each year. In most cases ACI can furnish addresses of publications added later 

For those members that cut apart this section for pasting on cards for card indexes, a 
limited number of complimentary reprints of the ‘‘Current Reviews’’ section are available from 
ACI headquarters on request 
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opment are described briefly. Results 
are compared with those of a nearby 
power station, a large paving job, and 
with other published values. A general 
discussion of concrete control includes 
the statistical approach to the evalu- 
ation of test results. An unusual item of 
particular interest is that the statistical 
examination revealed a coefficient of 
variation of 9 percent in the quality of 
the Irish cement as shown by the tensile 
strength tests. 


Vienna builds Europe’s largest tank 
Feeperick H. Bazr, Consulting Engineer, V. 7, 
No. 1, Jan. 1956, pp. 51-53 
: Reviewed by Aron L. Mirsky 
Buried tank with 158,400,000 U. S. 
gal. capacity is being constructed of 
watertight concrete using metal forms. 
Each of the four 390 x 440-ft chambers 
has its own inlet and discharge pipes, 
also of concrete. Watertight concrete 
used consisted of hydraulic cement plus 
pozzolanic type aggregates. 


Mass production techniques spur 
Puerto Rican housing job 
G. V. Carison, Contractors and Engineers, 
V. 53, No. 2, Feb. 1956, pp. 82-85 

Precast concrete, vacuum treated and 
vacuum lifted, is used for walls and 
roofs on the 1500-home housing pro- 
ject nearing completion in Puerto Rico. 
An interesting note is that built-up roof- 
ing was eliminated by the use of a slight 
slope in the roof panels. No insulation 
was required because of the mild clim- 
ate. 


Jochenstein dam on the Donau (Die 
Donaustaustufe Jochenstein) 
H. Fucus, VDI Zeitschrift (Diisseldorf), V. 
97, No. 36, Dec. 11, 1955, pp. 1265-1272 
Reviewed by Aron L. Mimsxy 
Description of project designed to 
make this portion of the Donau usable 
by commercial shipping. Facilities in- 
clude a double lock with a daily capa- 
city of 60,000 tons and a power plant 
with 5 Kaplan turbines. Magnitude of 
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job necessitates an extensive depart- 
mentalized concrete production area. Of 
interest is the use of cellular sheet stee! 
cofferdams in the excavations. 


Ultimate load design 

Kurt Buia, Bulletin of Central Building Re- 
search Institute (Roorkee, India), V. 2, No. 4 
Jan. 1955, 100 pp. 

A general discussion of ultimate 
strength design as reported recently by 
the joint ACI-ASCE committee. This 
bulletin is not nearly so specific in de- 
sign recommendations nor does it con- 
tain any design aids as does the ACI- 
ASCE report. It is, however, an excel- 
lent discussion of the entire problem and 
represents an up-to-date review of ulti- 
mate strength design from a wide source 
of references. 


Circular cylindrical shells 

D. Riipicer and J. Ursan, B. G. Teubner Ver- 
lagsgesellschaft, Leipzig, Germany, 1955, 270 
ai Reviewed by GuNHARD A. ORAvAS 

This volume is comprised of three 
major parts. The first part presents a 
concise and thorough theory of thin cyl- 
indrical barrel shells. The analysis is 
carried through with clarity of exposi- 
tion making use of Donnell’s equations 
and a stress function. The particular 
solution of the ensuing differential equa- 
tion receives full attention. 

The subject matter is adroitly mani- 
pulated in a manner which allows the 
development of a set of exhaustive nu- 
merical tables occupying some 143 
pages and comprising the second part of 
the book. This monumental set of tables 
provides the designer with all the nec- 
essary information required for the de- 
sign of barrel shells. The range of tabu- 
lations apply to such wide variety of 
shells that the designer can choose his 
shell proportions almost at will. 

The third part deals with boundary 
problems and design examples. Another 
outstanding feature of the book is the 
excellent handling of the problem of 
edge beam of any arbitrary shape, ap- 
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lying the notion of shear center. Edge 
eam and continuity problems are ex- 
lained in every detail and illustrated 
with fully worked out examples. Loca- 
ion of the intersection between the shell 
and the edge beam gets considerable at- 
tention. The examples handle the follow- 
ing design problems: multiple-shed 
shells, multiple shells with skylights, 
single shells with edge beams, single 
shells under antimetric and half-sided 
loads, multiple barreled shells without 
edge beams. The outside span edge beam 
is also treated at some length. The book 
has numerous illustrations and the ex- 
amples receive the graphical represen- 
tations of the various stress resul‘tants 
and stress couples in the shells. 

The authors have assumed a com- 
mendable attitude in publishing this 
book in a twin-language form (German 
and English), to the great benefit of 
English-speaking engineers. As the Eng- 
lish translation was done by a layman, 
some expressions used are not up to date 
“shop-talk,” but this does not reduce the 
clarity nor the value of the work. 

It is the reviewer’s opinion that this 
book has finally given the consulting 
engineer the tool with which to design 
cylindrical barrel shells with the econ- 
omy in time comparable to time spent in 
the design of rigid frame systems with- 
out robbing him of the freedom of choice 
in the selection of the shell proportions. 


An energy approximation to the 
solution of a corner-supported rec- 
tangular slab 

P. B. Morice, Magazine of Concrete Research 


(London), V. 7, No. 20, July 1955, pp. 83-86 
AvuTHOR's SUMMARY 


The Rayleigh-Ritz method is used to 
obtain an approximate solution to the 
problem of the deflection of a rectangu- 
lar flat slab supported only at its four 
corners and loaded with either an arbi- 
trarily positioned point load or uniform- 
ly distributed load. The assumed func- 
tional approximation does not complete- 
ly satisfy the stress-free boundary con- 
dition, yet despite this, experimental 
results show reasonable agreement with 
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the predicted values in the case of single 
concentrated loads on two steel plates. 


Design of corner columns 
D. W. ALLAN, Concrete and Constructional 
Engineering, (London) V. 50, No. 12, Dec. 
1955, pp. 418-419 

A quick approximate method of de- 
signing corner columns subjected to ax- 
ial loads with eccentricities in two direc- 
tions. Includes a chart to aid design 
which ranges from 1 to 8 percent rein- 
forcement. Notes that the excess rein- 
forcement due to the approximation in- 
volved averages less than 5 percent. 


Materials 


Properties of gypsum and the role of 
calcium sulfate in portland cement 
W. C. Hansen, ASTM Bulletin, No. 212, Feb 
1956, pp. 66-68 

Surveys and reviews facts about the 
action of calcium sulfate that are per- 
tinent to writers of specifications for 
portland cement. Discusses the role of 
gypsum in prevention of “flash set.” 


Cracking resistance of hydraulic ce- 


ments 

Technical News Bulletin, U. S 
reau of Standards, V. 39, No. 9, Sept. 1955, pp 
128-129 


National Bu- 


ABSTRACTS 
Nov. 1955 

Included in the study were 180 sam- 
ples of portland cements from all areas 
of the United States, seven portland 
blast-furnace slag cements, two port- 
land-pozzolan cements, and five portland 
cements from other countries. 

Two types of specimens, prismatic and 
annular, were prepared from water- 
cement mixtures of each sample. Upon 
removal from the molds, the specimens 
were exposed to air in the laboratory at 
73 F and 50 percent humidity. Under 
these conditions some drying took place. 
The length of the prism was measured 
when removed from the mold, and length 
changes were recorded periodically up to 
an age of 28 days. 

The specimens were supported in a 
simple metal rack and arranged so that 
the length of the prisms could be meas- 


HiiGgHway ResearcH 





1020 


ured continuously with dial gages. A line 
of conducting paint around each annular 
specimen was connected to an electronic 
detecting device that turned off an elec- 
tric clock when the specimen broke be- 
cause of its restrained drying shrinkage. 
An automatic camera was set up to pho- 
tograph the equipment with its dial 
gages and clocks once an hour. The pic- 
torial records indicated the length at- 
tained by each prism when the corres- 
ponding annular specimen broke. 


Secondary expansion of perlite con- 


crete and plaster 


R. D. Hu, Nature, V. 176, No. 4470, 1955, p. 
29 


CERAMIC ABSTRACTS 
Nov. 1955 
After normal setting and expansion, 
perlite plaster at three weeks com- 
mences a relatively slow secondary ex- 
pansion at a rate of about 0.1 percent 
length increase per annum; the expan- 
sion continues at a slightly decreasing 
rate over a longer period (half the ini- 
tial rate at 600 days). Perlite concrete 
expansion is similar but slower. Rates in- 
crease with increasing temperature, hu- 
midity, and proportion of perlite in the 
mix. The cause is a slow ion-exchange 
reaction, chiefly the exchange of hydro- 
gen ions with sodium ions but also to 
a lesser extent with potassium and cal- 
cium ions from the glass. Calcium ions 
in the plaster exchange for sodium ions 
from the glass, the hydrated sodium sul- 
fate having a greater volume than the 
gypsum it replaces. Control is imprac- 
ticable, but most of the stress produced 
is relieved by internal creep. Plaster 
failure is unlikely if expansion at 70 F 
and 60 percent relative humidity is <0.1 
percent per annum. 


Concrete materials and practice 


L. J. Murpock, Edward Arnold, Ltd., London, 
2nd Edition, 1955, 365 pp. 


Presents a broad outline of the science 
of concrete making with particular em- 
phasis on the application of knowledge 
from testing and research to field prac- 
tice. Basic materials and methods of 
production under various conditions are 
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discussed in detail. Methods of testin; 
calculation of mix proportions for var 
ious requirements, quality control, an 
field inspection are covered in consider 
able detail. Separate chapters deal wit! 
formwork and the placement of rein- 
forcing steel with a particularly effect- 
ive presentation by photographs of right 
and wrong methods in common use 
Flaws and defects resulting from wrong 
construction practice are shown in an 
interesting series of photographs. Basic 
material, from the practical aspect, on 
precast and prestressed concrete is in- 
cluded. The book should be of particu- 
lar value as a background reference for 
field personnel engaged in concrete con- 
struction. 


Pavements 


Determination of “‘water-soluble al- 
kali” in cements 
O. A. ELLineson, J. L. Gmiam, and J. E 
Kopanpa, ASTM Bulletin, No. 212, Feb. 1956, 
pp. 63-66 

Five variations of the “Standard 
Method of Chemical Analysis of Port- 
land Cement” (ASTM C114) were stu- 
died in an effort to eliminate a number 
of the steps in this method. The pre- 
ferred method as developed in this study 
consists of shaking 25 g of cement with 
250 ml of water for 10 min, filtering on 
a Buchner funnel, and determining the 
alkali concentrations with a flame pho- 
tometer. 


Vibration method for measuring the 
thickness of concrete road slabs in 
situ 
R. JONES, Magazine of Concrete Researci 
(London), V. 7, No. 20, July 1955, pp. 97-102 
AUTHOoR’s SUMMARY 

A method has been devised for deter- 
mining the thickness of concrete road 
slabs by measuring, at the surface of 
the slab, the velocity of propagation of 
vibrations at audio and ultrasonic fre- 
quencies. 

In the frequency range from 1000 to 
4000 cycles per sec, the vibrations are 
identified as flexural waves and thei! 
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velocity (V) depends upon the fre- 
quency, the thickness (7), and the elas- 
tic constants of the concrete slab. At 
frequencies above 50 kilocycles per sec, 
the velocity is constant, and the propa- 
gation becomes sensibly independent of 
the frequency and the thickness of the 
slab, i.e., it is then the Rayleigh wave 
velocity (V,) of surface waves in the 
concrete. From the theoretical analysis, 
a graph is prepared giving the variation 
of V/V, with the quantity r7/), and 
this enables the thickness of the slab to 
be calculated from the experimental re- 
sults. 

Tests have been made on slabs of 
thicknesses varying from 4 to 9 in., some 
slabs being laid directly on the subgrade 
and some on prepared bases of soil ce- 
ment and hoggin. The results have gen- 
erally been satisfactory and, in many 
cases, the dimensions of cores drilled 
from the slabs have agreed with the cal- 
culated values of thickness to within 
+ 10 percent. 


Sawed joints in portland cement 
concrete pavements—progress and 
problems 
E. J. CoppaGe, Jr., Public Roads, V. 29, No. 1, 
Apr. 1956, pp. 13-15 

A general review of practice, exper- 
ience, and observations with sawed 
joints in highway pavements. The prin- 
cipal advantage of sawed joints is des- 
cribed as smoother riding qualities and 
the reduction of spalling around the 
joints. Principal problems with sawed 
joints are time of sawing, cost of saw- 
ing, sealing of sawed joints, and curing 
requirements when joints are sawed. 
The discussion includes a review of 
practices to overcome these problems. 


Precast concrete 


Precast shell roofs 
Concrete and Constructional Engineering 
(London), V. 50, No. 11, Nov. 1955, pp. 408-410 


Describes the development of doubly 
curved precast concrete shell roofs de- 
veloped in Bulgaria. These shells which 
have a positive circular curvature in 
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both transverse and longitudinal direc- 
tions quite similar to the method offered 
by Vacuum Concrete, Inc., in the United 
States. The method described could be 
improved if the precast units were cast 
one upon the other to reduce the use of 
formwork and if they utilized the va- 
cuum process, but otherwise the pro- 
cesses are nearly identical. 


Heavy prefabrication in France 
M. Barets, Prefabrication (London), V. 3, No 
29, Mar. 1956, pp. 219-225 

Describes the development of precast 
concrete units in France of a size re- 
quiring equipment for erection. Includes 
illustrations of typical projects, descrip- 
tions of construction and production of 
the precast units, erection problems, and 
costs. Considerable attention is given to 
details. One of the interesting conclu- 
sions is “the architect who builds a pre- 
fabricated structure without considering 
suitable modifications of designs as con- 
ceived along traditional lines will be the 
architect of his own future troubles.” 


Prefabrication used for concrete 
aqueduct 


Contractors and Engineers, V 
1956, pp. 60-63 


53, No. 3, Mar 


Precast pipe in diameters from 42 to 
132 in. are being produced in a central 
yard 17 miles from the 18-mile long 
Davis aqueduct for the U.S. Bureau of 
Reclamation. Various stages in produc- 
tion are illustrated and equipment; mix 
proportioning, casting, curing, and han- 
dling processes are thoroughly described 


Precast concrete facing slabs 
Prefabrication (London), V. 2, No. 16 
1955, pp. 173-176 


Feb 


Pictures and describes the develop- 
ment of precast concrete panels in Eng- 
land (shown in more complete detail 
in a publication of the Cement and Con- 
crete Assn.). Variations in texture, pat- 
tern, and surface treatments are dis- 
cussed. Details of erection and con- 
struction are illustrated in combination 
with cast-in-place concrete and other 
masonry materials. 
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Prestressed concrete 


Precast prestressed concrete framed 
shed 


D. E. Guover, Prefabrication (London), V. 2, 
No. 16, Feb. 1955, pp. 166-170 


Describes the planning, design, pro- 
duction, and erection of precast, pre- 
stressed framing. The framing included 
main members, i.e., portal frames pre- 
cast in four pieces; precast pre-tensioned 
purlins; lintels; and panels. All precast- 
ing was done on the site. Design data 
and construction and production pro- 
cedures are included. 


Prestressed concrete structures 
(Strutture in calcestruzzo precom- 


presso) 
Ferrocemento, Rome, 1955, 78 pp. 
and Italian text) 


(English 


Descriptions of various Italian pre- 
stressed concrete projects: power pen- 
stock, tunnels, pipeline, aqueduct, silos, 
bridges, and industrial buildings. 


Applications of prestressed concrete 
to water supply and drainage 
RHYDWYN HarDING Evans, Proceedings, Insti- 
tution of Civil Engineers (London), Part III, 
V. 4, No. 3, Dec. 1955, pp. 725-775 (including 
discussion) 
Reviewed by Aron L. Mirsky 

Application of prestressed concrete 
to dams, pressure tunnels, tanks, cul- 
verts, and pipes is summarized. Prob- 
lems involved in prestressed concrete 
construction are discussed, especially the 
Regina, Canada, pipeline failure (Engi- 
neering News-Record, Feb. 19 and May 
7, 1953) which author had tracked down 
to corrosion of the circumferential wires 
by a combination of calcium chloride 
and steam curing. 


Prestressed composite piles support 
big cargo terminal 
Contractors and Engineers, V. 53, No. 3, Mar. 
1956, pp. 148-152 

A total of 2000 prestressed concrete 
piles, both of composite and solid type, 
were used to support a cast-in-place con- 
crete deck for San Francisco water- 
front cargo terminal of 160,000 sq ft 


May 1° 


area. The precast, pre-tensioned pi 
used 3/8-in. diameter, high-tensile stec| 
strands for prestressing. Piles ranged 
from 23 to 28 ft long and were man 
factured on an assembly line basis 
groups of 16 for the composite pile 
The straight prestressed piles were 1311, 
ft long, 20 in. octagonal type with 11-in 
diameter central core spaces. The 8 
sack mix using high-early-strength ce- 
ment delivered a strength of 4000 psi 
in 24 hr. Atmospheric steam was used 
for curing. 


Properties of concrete 


Effect of allowing concrete to dry 


before it has fully cured 

T. Waters, Magazine of Concrete Research 

(London), V. 7, No. 20, July 1955, pp. 79-82 
AUTHOR'S SUMMARY 


Gives the results of experiments made 
to find the effect upon strength of curing 
concrete in an absolutely or partially 
dry state. It is normal practice to keep 
concrete wet for 4 or 5 days after plac- 
ing. The results of the present experi- 
ment show, however, that as far as 
strength is concerned the curing can be 
done at any time. Thus if the concrete is 
allowed to become dry for a period and 
is then re-wetted, it-will continue to in- 
crease sin strength as though the dry 
period had never existed. 


Determinations concerning the in- 
fluence of air-entraining admix- 
tures on the strength and the dy- 
namic modulus of elasticity of con- 
crete under freezing cycles (Fest- 
stellungen ueber den Einfluss luft- 
porenbildender Zusatzmittel a u f 
die Festigkeit und die dynamische 
Elastizitaetszahl von Beton bei 
Frostwechseln) 
K. Waiz and G. Wen, Der Bauingenieur 
(Berlin), V. 30, No. 1, Jan. 1955, pp. 15-20 
Reviewed by Aron L. Minsk‘ 
Description of German laboratory ex 
periments. Beam and compression 
prisms of non-air-entraining and air- 
entraining (about 3 percent) concrete 
were made, cured, subjected to 200 
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cycles of freezing and thawing, and 
tested; the dynamic modulus was as- 
certained by resonance frequency mea- 
surements of beam specimens. Authors 
conclude air entrainment results in an 
increase in frost resistance. 


Cracking of cements, mortars, and 
concretes produced by shrinkage (in 
Portuguese) 
Cc. A. De Sousa, Publication No. 57, Ministerio 
das Obras Publicas, Laboratorio Nacional de 
Engenharia Civil, Lisbon, 1954, 137 pp. 
APPLIED MECHANICS REVIEWS 
Jan. 1956 (Durelli) 


Paper deals with the study of crack- 
ing in cements, mortars, and concretes 
under restrained shrinkage. In the meth- 
od used, both free and restrained shrink- 
age (that is, the stress produced by it) 
are measured. For this purpose, two 
rings are cast: one is free and the other 
is cast around a metallic ring which 
constitutes the means to maintain the 
constant strain of the concrete specimen. 
The metallic ring is provided with vi- 
brating wires to measure the stress in it 
and consequently the stresses in the 
mortar or concrete. 

Author gave particular consideration 
to creep and found that, to have high 
cracking strength, it is fundamental to 
have high strength concretes; such con- 
cretes have lower creep, but the influ- 
ence of strength g, is more important 
than the developed stress in the re- 
strained-shrinkage specimen. 


Structural research 


Investigation of deflections in rein- 
forced concrete beams 
W. S. Hanna, M. Bakuovum, and A. A. Rizk, 
Bulletin of the Faculty of Engineering, Cairo 
University, Giza, Egypt, 1954-55, pp. 57-101 
An analytical study correlated with 
tests on 33 beams of varying size and 
reinforcement to develop methods of 
predicting deflections more accurately. 
Two methods are proposed for more ac- 
curate determination of deflections. The 
first divides deflection in two stages, 
before and after cracking of the con- 
crete in tension, and involves estimation 
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of both E and J. The second is a trial 
and error method based upon estimation 
of the strains. It is concluded that the 
percentage of tensile reinforcement has 
an important effect upon deflections. The 
effect of compressive steel is not signifi- 
cant unless the percentage of tension 
steel is above 4 percent. T-sections are 
extremely effective in reducing deflec- 
tions. Tension in the concrete is effect- 
ive at all stages up to failure. The actual 
load-defiection curve consists of four 
separate zones: (1) the first cracking 
of concrete in tension; (2) while crack- 
ing; (3) after cracking; and (4) im- 
minent failure. The usual methods based 
upon gross section are appropriate only 
for the first zone in the deflection curve 
before cracking of concrete in tension. 
Basing the moment of inertia on the 
compression area plus mn times the ten- 
sion reinforcement conformed in general 
with the load deflection curve in the 
cracked stage. 


Control of cracks in reinforced 
concrete 


Technical News Bulletin, U. S. National Bu- 
reau of Standards, V. 39, No. 9, Sept. 1955, pp. 
129-130 


HIGHWAY RESEARCH ABSTRACTS 


Nov. 1955 
The study of crack formation included 
tests on 58 beam and slab specimens. 
All specimens were tested as simply sup- 
ported beams with loads applied at quar- 
ter-points. For individual beam speci- 
mens, the ratio of maximum width of 
crack to the average width of crack was 
about 1.64 times the average width for 
each value of stress considered, where 
the computed steel stresses ranged from 
15,000 to 40,000 psi. 


Investigation of continuous rein- 


forced concrete beams 
W. S. Hanna, M. Bakuoum, and A. H. 
Hosny, Bulletin of the Faculty of Engineer- 
ing, Cairo University, Giza, Egypt, 1954-55, 
pp. 103-128 

Purpose of the investigation was to 
determine methods of predicting safe 
loads on continuous reinforced concrete 
beams. The theoretical investigation was 
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correlated with tests on 18 reinforced 
concrete continuous beams. Principal 
conclusions are that the use of the ul- 
timate strength method for the design 
of sections together with the theory of 
limit design for the prediction of mo- 
ments gives a good estimation for the 
ultimate capacity of continuous beams 
and that the design should be based up- 
on the critical failure load, rather than 
ultimate capacity, to prevent excessive 
deflections and high permanent sets. A 
much more uniform factor of safety is 
obtained by the above method than from 
the standard elastic theory of design. 


Photoelastic investigation of ar- 
moured models with an application 
to bending bars with cracks on the 
tensile side 
R. G. Borren, Applied Scientific Research 
(The Hague), Sec. A, V. 5, No. 5, 1955, pp. 
359-373 
Reviewed by Aron L. Mirsky 

Describes production and testing of 
plastic models with reinforcing inserts. 
Models of reinforced concrete beams 
were made by casting in the model wire 
with hooked ends simulating reinforcing 
bars; analytical and experimental re- 
sults were in good agreement. Models 
with slits (artificial cracks) in the 
tension zone were also tested. 


General 


Durox gas concrete 


Prefabrication (London), V. 3, No. 29, Mar. 
1956, pp. 216-218 


A cellular concrete developed in Swe- 
den develops weights according to its 
grade from 25 to 44 lb per cu ft. It is 
composed of lime and/or cement and a 
finely divided siliceous material such as 
fly ash, quartz sand, alum shale ash, and 
furnace slag. The gas is produced by ad- 
dition of finely divided aluminum powder 
during mixing. The material is wire cut 
in the plant and autoclave cured upon 
which it is ready for immediate use. It is 
said to have enough structural value for 
use in buildings up to five stories in 
height, high insulating value, and ap- 
proval (in Sweden) as fireproof in 10 in. 
thicknesses. 
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Interlocking concrete blocks for pr: 


tecting slopes of sea dikes (in Dutc! 
Jan H. Boscu, Jr., Polytechnisch Tijdschr 
(The Hague), V. 11, No. 3-4, Jan. 19, 1956, p 
41b-49b 


Reviewed by JOHN B. SNETHLA 
The protection of outside slopes of 
earth dikes against damage by wave 
action has always been a matter of 
great concern in Holland, both as to ef- 
fectiveness and economy. This article 
containing photographs and sketches 
describes the various systems (smooth, 
stepped, dentated) in use, constructed 
generally of interlocking precast con- 
crete blocks. 


The structure of high buildings 
O. N. Arup, Bulletin No. 1, Transactions V 
82, Institution of Civil Engineers of Ireland 
(Dublin) Dec. 1955, pp. 23-55 

A general discussion of principles and 
their application in recent practice in 
Ireland for the construction of high 
(8 to 20 stories) buildings. No elabor- 
ation of details of calculation, analy- 
sis, design, nor construction is given. 
The discussion centers on the selection 
of the over-all structural system. Author 
concludes that for buildings in this 
range the use of structural steel is ruled 
out since “the necessity of encasement 
in concrete to comply with fire regula- 
tions makes it more expensive than 
reinforced concrete.’ The paper will be 
of particular interest to architects or 
architectural engineers seeking a broad 
picture of the structural problem. 


Rationalization of masonry con- 


struction (Rationalisierung des 
Mauerwerkbaues) 
W. TrieseL, VDI Zeitschrift (Diisseldorf), V 
97, No. 34, Dec. 1, 1955, pp. 1243-1247 
Reviewed by Aron L. Mirsky 
Discusses saving of materials and in- 
creased labor productivity with de- 
creased physical effort obtained with 
new types of masonry units, particular- 
ly in construction of multi-flat houses. 
Particularly interesting are the various 
types of handholes and other aids to 
easy handling incorporated in the units. 
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SYNOPSIS 


Air-entrained concrete and addition of 1 percent of calcium chloride 
by weight of cement are recommended in cold weather. They permit a 
reduction in the time newly placed concrete should be protected. The 
use of accelerators and antifreezes, keeping of temperature records, 
heating of materials, subgrade preparation, protective coverings, 
heated enclosures, curing, and form removal are discussed for several 
types of concrete structures and preferred methods are indicated. Sup- 
plementary material on the effect of curing temperature on concrete 
strength are given in an appendix. A list of selected references is in- 
cluded. 


GENERAL REQUIREMENTS 


Plans to protect fresh concrete from freezing and to maintain temperatures 
not less than the permissible minimum during the first few days after placing 
should be made in advance of expected freezing temperatures. All equipment 
and materials necessary should be at the work site before the first frosts are likely 
to occur. It is too late to begin assembling protective devices and materials after 
concrete has been placed and the temperature begins to approach the freezing 
point. 

After the first frost and until the mean daily temperature at the job site falls 
below 40 F for more than 1 day, concrete should be protected from freezing for 
not less than the first 48 hr after it is placed. When the mean daily temperature 
falls below 40 F for more than 1 day, concrete should thereafter be placed at a 


*Adopted as a standard of the American Concrete Institute at its 52nd annual convention, 
Feb. 21, 1956, as reported by Committee 604; ratified by letter ballot May 1, 1956. Title No. 
52-66 is a part of copyrighted JouRNAL oF THE AMERICAN CONCRETE INSTITUTE, V. 27, No. 10, 
June 1956, Proceedings V. 52. Title No. 52-60 supersedes 45-1 published in Sept. 1948. Separate 
prints in covers are available at 50 cents each to ACI members (75 cents to nonmembers). 
Discussion of this paper (copies in triplicate) should reach the Institute not later than Sept. 1, 
1956. Address 18263 W. McNichols Rd., Detroit 19, Mich. 
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temperature not lower than shown in line 7 of Table 1 for the particular typ 
concrete and should be maintained at that temperature for at least the first 3 d 
During the next 3 days it should be protected from freezing. When spring is | 
and mean daily temperature rises above 40 F for more than 3 successive d 
placement and maintenance of concrete for 3 days at or above required minim 
temperatures may be discontinued, but concrete should not be exposed to freez 
temperature for at least 48 hr after placing. 

These minimum requirements are for concrete containing entrained air in ¢! 
amounts recommended in “Recommended Practice for Selecting Proportions f: 


Concrete (ACI 613-54)."* Further protection is obtained by the use (wher 
resistance to sulfates is not an objective) of 1 percent of calcium chloride by 
weight of cement. Without air entrainment no additional protection will produc: 
an ultimate durability equal to that obtainable with entrained air; moreover, 
the maximum durability of non-air-entrained concrete can be realized only with 
twice the recommended protection at 50 F. The same double protection is required 
for best durability when it is preferred not to use calcium chloride, whether o: 
not the concrete is air entrained, although similar early strength will be attained 
at 4 days. All data indicate that 50-deg protection beyond 6 days is unnecessary 
for any of these concretes. Except for concrete at surfaces, calcium chloride is 
unnecessary in mass concrete in cold weather. 


The objective of these requirements is to maintain the temperature of concrete 
at or above a safe minimum which will enable development of adequate ultimat« 
durability by the end of the protection period. Irrespective of air temperatures, th« 
concrete temperature is what determines the effectiveness of protection provided. 
Corners and edges of concrete are most vulnerable to freezing and usually mor 
difficult to maintain at required temperatures; thus their temperatures should be 
measured to evaluate and verify protection provided. 

Heated enclosures, if used, must be strong and windproof. Otherwise, prope: 
concrete temperatures may not be obtained despite high fuel consumption. Heat 
ing units should not be permitted to locally heat or dry the concrete. Moreover, 
strict fire prevention measures should be enforced. Concrete may not only b« 
damaged by fire, but it is in danger of more serious damage by freezing befor: 
new protection can be provided. 

Concrete which is not allowed to freeze and which is placed at low tempera 
tures above freezing develops higher ultimate strength and greater durability 


than concrete placed at higher temperatures. High temperatures of freshly mixed 


concrete are always objectionable. The committee emphasizes the opportunity 


which exists in cold weather to avoid mixing and placing concrete at high tem 
peratures. For this reason the committee has mentioned no maximum allowab| 
temperatures for freshly mixed concrete in cold weather. 


*ACI Committee 613, ‘““Recommended Practice for Selecting Proportions for Concrete (AC 
613-54),’" ACI JournaL, Sept. 1954, Proc. V. 51, pp. 49-64. 
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TEMPERATURE OF CONCRETE AS PLACED—HEATING OF MATERIALS 


To assure freedom from freezing until protection can be established, the 
temperature of concrete as placed should not be less than shown in line 7 of Table 
1. Appreciably higher concrete temperatures do not afford proportionately longer 
protection against freezing because heat loss is more rapid with the greater 
temperature differentials. Furthermore, higher temperatures require more mixing 
water, cause slump loss and sometimes quick setting, and increase thermal shrink- 
age. Rapid moisture loss from hot exposed concrete surfaces may cause plastic 
shrinkage cracks. It is therefore recommended that the temperature of fresh con- 
crete as placed be kept as close to these minimum temperatures as practicable. 

It is not difficult to maintain the concrete as mixed at temperatures of not 
more than 10 F above the minimums recommended in Table 1 and temperatures 
as high as 20 F above these values should be rare. It is difficult to heat a 


yoregates 


uniformly or to a predetermined temperature, but the temperature of mixing 
water can be adjusted readily by blending hot and cold water to maintain the 
temperature of concrete within a range of 10 deg. 

As the air temperature drops, more ingredients must be heated to produce 
freshly mixed concrete of the desired minimum temperature as is shown in 
Table 1. As the weather becomes colder, more heat should be supplied to offset 
heat lost in the interval between concrete mixing and placing, as recommended 
in lines 8, 9, and 10 of Table 1. Lower minimum temperatures of concrete after 
placing are recommended in line 7 of Table 1 as the concrete becomes more 
massive because the more massive the section in which concrete is placed, the less 
rapidly it loses heat. In massive work the concrete is therefore particularly bene- 
fited by low initial temperatures. 

For air temperatures above 30 F, when aggregates are free of ice and frozen 
jumps, the desired temperature of the concrete can usually be obtained by heating 
only mixing water, as shown in Table 1. For air temperatures below 30 F it is 
usually necessary to heat the aggregates to temperatures shown in Table 1. Table 1 
indicates that heating aggregates to temperatures higher than 60 F is rarely neces- 
sa-y with mixing water at 140 F. If the rock is dry and free of frost, ice, and 
lumps, adequate temperatures of fresh concrete can be obtained by increasing 
temperature of only the sand, which will seldom have to be higher than about 
135 F, if mixing water is 140 F. 

Mixing water should be heated under such control and in sufficient quantity 
to avoid appreciable fluctuations in temperature from batch to batch. To avoid 
the possibility of flash set when either aggregate or water is heated to a tempera- 
ture in excess of 100 F, water and aggregate should come together first in the 
mixer in such a way that the high temperature of one or the other is reduced 
before cement is admitted. If the mixer is loaded in this sequence, water tem- 
perature up to the boiling point may be used, provided aggregate is cold enough 


to reduce temperature of the mixture of water and aggregate to appreciably less 
than 100 F; in fact, this temperature should rarely exceed 60 to 80 F. If loss of 
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otency of air-entraining agent is noted due to hot water, the agent must be 
laced in the batch after water temperature has been reduced. 

Aggregates should be so heated that frozen lumps, ice, and snow are 
liminated and overheating is avoided. At no point should aggregate temper- 
ture exceed 212 F; average temperature of an individual batch of aggregate 
should not exceed 150 F. Either of these temperatures is considerably higher 
than is necessary for obtaining desirable temperatures of freshly mixed concrete. 
Materials should be heated uniformly since considerable variation in their temper- 
ature will noticeably vary water requirement and slump of the concrete. 

Steam in pipes is recommended for heating aggregate, but for small jobs 
aggregates may be thawed by heating them carefully over culvert pipe in which 
fires are maintained. When aggregates in stockpiles, cars, or trucks are thawed 
or heated by steam in pipe, exposed surfaces of aggregate should be covered 
with tarpaulins as much as practicable to maintain a uniform distribution of 
heat and to prevent formation of frozen crusts. If steam is confined in a pipe 
heating system, difficulties from variable moisture in aggregate are avoided. 
Steam jets liberated in aggregate can cause troublesome moisture variation. 

When emergency conditions require thawing of substantial quantities of 
aggregate materials at extremely low temperatures, steam jets may be the only 
practicable means of providing the necessary heat. In such a case thawing must 
be done as far in advance of batching as possible so as to attain substantial 
equilibrium in both moisture content and temperature. Thereafter the steam 
supply can be cut to a minimum that will prevent further freezing, thereby 
reducing to some extent the problems arising from variable moisture content. 
Nevertheless, under such conditions, mixing water control will have to be 
largely on an individual batch adjustment basis. 


ACCELERATORS AND ANTIFREEZE COMPOUNDS 


Small amounts of additional cement or of accelerators such as calcium 
chloride to accelerate hardening of concrete in cold weather may be beneficial, 
as long as no more than 2 percent of calcium chloride by weight of the cement 
is used. Use of 1 percent of calcium chloride is recommended in weather cold 
enough for mean temperatures to be below 40 F, to obtain higher concrete 
strength at the end of the period of protection. An exception to this is when 


sulfate-resisting concrete is required; in this case an extra sack of cement per 


cu yd rather than calcium chloride should be used; presumably sulfate-resisting 
cement would be used (ASTM C 150).* Calcium chloride should be dissolved in a 


*Another exception to use of calcium chloride may be when there is reason to suspect that 
steel will be corroded by stray currents. In this event also, an extra sack of cement should 
be used in preference to calcium chloride. U. S. Bureau of Standards Technical Paper No. 18, 
published in 1913, reports data on over 400 specimens tested with voltages from 0 to 70 at ages 
from a few days to about 1 year. The findings of this paper, as summarized in Highway 
Research Board Bibliography No. 13, ‘‘Calcium Chloride in Concrete,’’ are: ‘“‘The presence 
of calcium chloride, even to the small extent of 0.03 percent, has been found to accentuate the 
effect of stray electric currents in causing the corrosion of iron.'’ There are also indications 
that calcium chloride should not be used in prestressed concrete because of possible stress 
corrosion of the highly stressed special wire steel, but ordinary reinforcement is not affected 





1030 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


portion of the mixing water before batching. 


Calcium chloride, salts, or other chemicals in the mix in permissable amou: 
will not lower the freezing point of concrete to any significant degree. To avo 
misplaced confidence in such a method and to avoid use of harmful material 
any such attempt to protect concrete from freezing should not be permitted. 


WINTER PROTECTION TEMPERATURE AND CURING METHODS 


Newly placed air-entrained concrete containing 1 percent calcium chloride, 
made with other than high-early-strength cement, should be maintained a 
the minimum temperature indicated in line 7 of Table 1 for the first 3 days 
and, as an added precaution, at a temperature above freezing for the next 3 
days. Similar concrete made with high-early-strength cement should be kept 
at these minimum temperatures for 2-day periods. Concrete which does not 
contain entrained air and calcium chloride must be protected for longer periods 
as already explained. The surface temperature of hardened concrete should not 
be permitted to greatly exceed the required temperature for reasons discussed. 


At the end of the required period, protection should be removed in such a 
manner that the drop in temperature of any portion of the concrete will be 
gradual and will not exceed in 24 hr the amount shown in line 17 of Table | 
for each type of concrete. 


Favorable curing conditions should be maintained during the period of 
protection. Avoid high temperatures and dry heating within enclosures, parti 
cularly where floor finishes are involved. If dry heating is necessary, concret« 
can be water cured, but heating and curing by means of exhaust steam at a 
moderate temperature within the enclosure is preferable. Use of exhaust steam 
is especially desirable in extreme cold, since the water content of the steam 
tends to balance the greatly increased absorptive capacity of the air. This is 
as much as 25-fold when —20-deg air is heated to +50 F. This moisture will, 
however, create a serious icing problem at any point where cold air can enter 
the heated enclosure. Unless prevented by keeping the enclosure tightly closed, 
such icing under severe conditions may overload the enclosure or at least caus: 
a vexatious problem of disposal. 

Early curing with sealing compound is acceptable within heated enclosu-es, 
although it is usually more practicable to cure with water or exhaust steam 
during the period of protection, and apply the sealing compound during the 
first weather above freezing after protection is removed. 

If water curing is specified, the period of protection from freezing must, 0! 
course, be the same as the required period of water curing. Actually, water 
curing is needed in winter primarily to offset drying occurring in combustion 
heated enclosures. Concrete enclosed in forms or effective insulation will rarely 
lose enough moisture at 50 F or lower to impair curing. For mass concret: 
exposed to subsequent wetting from snows and rains, usual water cu-ing |s 
unnecessary in winter after the period of protection. 
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TEMPERATURE RECORDS 


Inspection forces should keep a record of the date, hour, outside air temper- 
ure, and weather (calm, windy, clear, cloudy, etc.). The record should include 
mperatures at several points within the enclosure and on the concrete surface, 
orners, and edges in sufficient number to show highest and lowest temper- 
atures of the concrete. Thermometers embedded in the concrete surface are 
deal but satisfactory accuracy and greater flexibility of observation can be 
btained by placing the thermometer against the concrete under a temporary 
wer of heavy insulating material until it registers a constant temperature. 
Maximum and minimum temperature readings in each 24-hr period should 
be recorded. Data recorded should clearly show the temperature history of each 
part of the concrete. A copy of the temperature readings should be included 
in permanent records of the job. 


PREPARATION BEFORE CONCRETING 


Before any concrete is placed, completely remove all ice, snow, and frost 
and raise the temperature of all surfaces the concrete will contact above the 
freezing point. No concrete should be placed on a frozen subgrade or on one 
that contains frozen materials. Where concrete is to be placed over permanently 
frozen ground, subgrade material must be thawed deep enough to insure that 
it will not freeze back up to the concrete during the required period of protection, 
wr it must be covered with an equally sufficient depth of dry granular material. 


PROTECTION 


Arrangements for covering, insulating, or housing newly placed concrete 
should be made in advance of placement and should be adequate to maintain 
in all parts of the concrete the temperature and moisture conditions recom- 
mended in the paragraph on winter curing temperatures and methods. 

Since during the first 3 days requiring protection most of the heat of hydration 
of the hardening cement is developed, no heat from outside sources is required 
to maintain concrete at correct temperatures if heat generated in the concrete 
is suitably conserved. This heat may be conserved by use of insulating blankets 


on unformed surfaces and by insulated forms where repeated re-use of forms 


is possible.” Temperature records will reveal the effectiveness of different amounts 


or kinds of insulation or of other methods of protection for various types of 
concrete work under different weather conditions. Appropriate modifications 
and selections can be made accordingly. It will rarely be practicable to do con- 
crete work in weather so cold that concrete cannot be kept up to required 
minimum temperatures by sufficient insulation. Methods for estimating temper- 
atures maintainable by various insulation arrangements under given weather 
conditions have been published.” In Tables 2a, b, and c the amount of insulation 
necessary for good protection can be determined from information shown for 
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various kinds of concrete work and for several degrees of expected seve: 
in weather. For successful use, and efficient re-use, commercial blanket or 
insulation must be adequately protected by means of tough, moisture-pri 
cover material from wind, and rain, snow, or other wetting. Moreover, it mi 
be kept in close contact with concrete or form surfaces to be effective. 


TABLE 2a—INSULATION REQUIREMENTS FOR CONCRETE WALLS AND 
FLOOR SLABS ABOVE GROUND 


Concrete placed at 50 F 





Minimum air temperature allowable for these thicknesses 
of commercial blanket or bat insulation, deg F 





acne, 0.5 in. | 1.0 in. | 1.5 in. | 
u 

Cement content—300 Ib per cu yd 
47 | 33 
41 17 
35 0 
34 | —9 
31 —15 
30 | —18 
30 —21 


OP wd ES 
coocouon | 


Cement content—400 Ib per cu yd 


} 
| 
| | 
| 


28 

6 

—16 

—26 

—36 

—§& —41 
—10 —45 


0.5 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 


- Cement content—500 Ib per cu yd 


35 | 22 

15 — 6 
—3 —$8 
—10 
—20 
—28 
—25 





Cement content—600 Ib per 


32 

8 
— 14 
—22 
—34 
—38 
—40 





OPONE SS 
ooocooucon 





Insulation equivalents* 


Insulating material Be 





| Equivalent thickness, in 


1 in. of commercial blanket or bat insulation 1.000 
1 in. of loose fill insulation of fibrous type 1.000 
1 in. of insulating board 0.758 
1 in. of sawdust 0.610 
1 in. (nominal) of lumber 0.333 
1 in. of dead-air space (vertical) 0.234 
1 in. of damp sand 0.023 


*See notes, Table 2b. 
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Enclosures for heating may be made of wood, canvas, gypsum wall board, 
fiber insulation board, plywood, sisalkraft, tarred paper, or other suitable materials, 
as long as they are reasonably tight and safe for wind and snow loading. Such 
temporary housings are inherently difficult to make fire resistant and fire is an 
ever-present hazard. Exhaust steam is safest from this standpoint; airplane 
heaters located outside the enclosure and blowing hot air into it are perhaps 


TABLE 2b—INSULATION REQUIREMENTS FOR CONCRETE SLABS 
PLACED ON THE GROUND 


Concrete at 50 F placed on ground at 35 F— 
No ground temperature gradient assumed 


| Minimum air temperature allowable for these thicknesses 
Slab of commercial blanket or bat insulation, deg F 

: ~ _—— ] . , — _ . 
thickness, tt 0.5 in. | 1.0 in. 15 m 2.0 in. 
a | ; 


Cement content—300 Ib per cu yd 


42 
19 
— 5 
—27 
—51 


Cement content—‘00 Ib per cu yd 


* . 

50 49 
42 30 
29 1 
16 —28 

3 —58 
—10 —86 


28 | 


0.3 
0.6 
1.0 
1.5 
2.0 
2.5 
3.0 


Cement content—500 Ib per cu yd 
| * 
42 
19 
—16 
—51 


creo) 
a a) 


wryHrHoo 
oucucaQqw | 


Cement content—600 lb per cu yd 


43 34 

31 7 

13 —33 

—5 —74 

| —22 
~42 


*See explanation, Table 2c. 

Notes: The tables are calculated for the stated thicknesses of blanket-type insulation with an 
assumed conductivity of 0.25 Btu per hr per sq ft for & thermal gradient of 1 deg F per in. 
The values given are for still air conditions and will not be realized where air infiltration due 
to wind occurs. Close-packed straw under canvas may be considered a loose-fill type if wind 
is kept out of the straw. The insulating value of a dead-air space greater than about 4% in. 
thick does not change greatly with increasing thickness. Textbooks or manufacturers’ test 
data should be consulted for more detailed data on insulations. See insulation equivalents, 
Table 2a. 
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second best. Open fires and salamanders should be avoided; they do not provid 
circulation obtainable with exhaust steam jets or airplane heaters. Moreove 
exposure to the strongly COz atmosphere of open fires during the first 24 h 
may seriously weaken concrete at the surface.’ Adequate fire-fighting apparatu 
should be easily accessible; attendants to insure continuous operation of heat 
ing units should be on the job at all times. 

During placement of unformed concrete, tarpaulins or other readily movab\ 
coverings supported on horses or framework should follow closely the placing 
of the concrete so that only a few feet of finished slab are exposed to outside 

TABLE 2c—INSULATION REQUIREMENTS FOR CONCRETE SLABS 
PLACED ON THE GROUND 


Concrete at 50 F placed on ground at 40 F— 
No ground temperature gradient assumed 





Minimum air temperature allowable for these thicknesses 
Slab of commercial blanket or bat insulation, deg F 





thickness, ft es 9 


1.5 in. 2.0 in. 


Cement content—300 Ib per cu yd 





” sl 

47 44 

33 22 

12 —10 

— 9 —43 

—31 —76 
—52 





Cement content—400 Ib per cu yd 





38 


e | 

40 

22 
| my 
—32 
| 


SONNE OS 
ouoowvoow 


—59 





Cement content—500 lb per cu yd 





° 
32 
10 
—23 


aw 
“1h 


eonnrroo 
CUcCUNoaw 





Cement content—600 lb per cu yd 





| 
*Due to influence of cold subgrade on these thin slabs, insulation alone will not maintain 
their temperature at the required 50 F in cold weather. In such cases the additional heat sup- 
ply necessary to maintain required temperatures in the concrete must be provided by using 
higher placing temperatures, preheating of the ground, electric resistance wire under the in- 
sulation. or by other means depending on ihe severity of the prevailing weather. 
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at any time. Such tarpaulins should be arranged so that heated air can be 
rculated freely on both top and, except for pavements, bottom of the slab. 
ayers of insulating material placed directly on the concrete are also effective 
n preventing freezing. 

Housings and enclosures should be left in place for the entire period of pro- 
tection specified except that sections may be temporarily removed as required 
to permit placing additional forms or concrete, provided they are replaced as 
soon as the form or concrete is in its final position and the uncovered concrete 
s not frozen, and provided time lost from the required period of protection is 
made up at the required temperature before protection is discontinued and 
removed 


REMOVAL OF FORMS 


In warm weather, forms should be removed as soon as this can be done with- 


out damage to concrete so that prescribed curing treatment can commence at 
the earliest possible age. In such weather, curing provided by forms is usually 
inferior to curing specified. But in cold weather moist curing, though important, 
is not so urgent, and protection afforded by forms, other than of steel, is often 
of greater importance. In heated enclosures such forms serve to distribute the 
warmth more evenly and to prevent local heating. With suitable insulation, 
the forms, including those of steel, in many cases will provide adequate pro- 


tection without supplemental heating. Therefore, in view of the reduced period 
f protection now recognized as sufficient, it is usually advantageous not to 
remove forms until the end of the required minimum period of protection. 
Then, except for removal of supporting shores or centering in some cases, forms 
can be removed without damaging or endangering the concrete if reasonable 
care and proper precautions are taken. 

Sometimes, however, the construction schedule or economical re-use of forms 
will dictate their removal at the earliest practicable time. In this event in 
winter, as in any season, forms may be removed at the earliest age at which 
this can be done without damage or danger to the concrete. Except for work 
requiring support by shoring, usually it will be found that when concrete is 
sufficiently strong that corners and edges will not be damaged during stripping, 
it will be amply strong to support its own weight without visible or measurable 
evidence of cracking or deflection. The minimum time for this can best be 
determined by trial on the job since it is influenced by several job factors, 
including type and amount of cement and other aspects of the concrete mix, 
curing temperature, type of structure, design of forms, and skill of workmen. 

Earliest permissible time for removal of shores and centering should be 
determ‘ned from the strength of job-cured specimens of the concrete. The 
strength of a job-cured specimen, being usually less than that of concrete in the 
structure as indicated by core strength, provides a conservative basis for deter- 
mining the safe time for removal of supports. When specimens, exposed to 
approximately the same temperature and curing as concrete in the structure, 
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attain a strength equal to twice the stress to be sustained, the supports ma 
be removed. The engineer responsible for design should indicate the minimum 
strength required to support the dead load and any live loads which may 
be imposed during construction before the concrete will have developed its 
full strength. It may be necessary to install proper re-shoring to support temporary 
live loads. If so, its necessity and time of removal may be similarly determined. 


MINIMUM REQUIREMENTS FOR JOBS TAKING MAXIMUM RISK 


On many jobs, regardless of size, it will be desired to practice the minimum 
protection which will barely avert surface damage to the concrete. To accomplish 
this minimum objective the recommendations below should be followed. How 
ever, it should be understood that when only this utterly minimum protection is 
provided, it does not give the margin of safety and assurance of best ultimate 
strength and durability which should prevail on good concrete work. 

1. Concrete should contain entrained air and 1 percent of calcium chloride 
by weight of cement. 

2. There should be no frozen lumps or materials in the concrete as placed, 
or where it is placed. 

3. Concrete should be prevented from freezing and drying for at least 3 days 
after placing. 


Appendix 
WINTER CONCRETING OBJECTIVES 


Concreting methods during cold weather must be adequate to: 
1. Prevent damage to concrete from freezing and thawing at an early age. 
2. Allow the concrete to develop early strength, permitting removal of 
forms for prompt re-use and loading of the structure when desired. 

3. Maintain proper curing conditions. 

4. Limit excessive or rapid temperature changes before the strength of 
the concrete has developed sufficiently to resist temperature stresses. 

5. Obtain the foregoing items of protection to a degree and at a cost con- 
sistent with intended serviceability of the structure. 


Prevention of damage at early ages 


The exact limits of the critical period when potential durability and strength 
of concrete may be seriously damaged by one or two cycles of freezing are 
uncertain. These limits are doubtless affected by many factors in the character 
of concrete ingredients, composition, mixing, placing, and curing. A major factor 
is the rate of strength gain at early ages. Experience and some laboratory 
tests indicate that if plain concrete has attained a compressive strength of 500 
psi, it will not be seriously damaged by one or two freezing cycles provided curing 
conditions continue favorable; concrete with entrained air is less susceptible to 
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umage by early freezing. With protection recommended, two to three times 
his strength will be attained at the end of the first 72 hr except in lean mass 
yncrete. 


Production of enough strength to permit removal of forms or ioad- 
ing of the structure 


Winter concreting methods should produce the proper concrete strength; 
first, to permit economical re-use of forms; second, to permit construction 
of the upper portions of the structure; and third, to permit loading the structure 
when desired. The strength required for each case will depend on the type of 
structure. The value of early form removal and early use of the structure must 
be balanced against the cost of additional heating and protection in cold weather. 
The effect of curing temperature on concrete strength can be fcund conveniently 
in Fig. 1 to 9. In considering these data it should be kept in mind that the results 
shown were obtained from tests of 3 x 6-in. concrete cylinders. Thus, the volume 
of concrete was relatively small and the time required to bring the concrete to 
the temperature of the surrounding air much shorter than would occur in the 
field even for thin sections. 


There may be over-all economy in the use of more cement, high-early-strength 
cement, or calcium chloride to increase strength attained during a certain period 
of protection or to reduce the period of protection required to attain a certain 
strength. The committee’s recommendation is based on the fact that a shorter 
period of protection is adequate when concrete is air-entrained and is accelerated 
moderately with 1 percent of calcium chloride (or extra cement instead of calcium 
chloride where sulfate resistance is required). Particularly where early structural 
strength is necessary, it may prove more economical to take further advantage 
of these means of accelerating strength development than to extend the period 
of protection; however, the possible effects of excessive amounts of cement or 
calcium chloride should be considered. Fig. 4 and 5 indicate early strength 
development obtained with a high-early-strength cement at relatively low tem 
peratures. Use and effects of calcium chloride are discussed in “Admixtures for 
Concrete,” by ACI Committee 212 (ACI Journat, Oct. 1954, Proc. V. 51, p. 113) 
and in Reference 3. 


Requirement of gradual drop in temperature of concrete surfaces at 
end of protective period 


Large temperature changes, causing excessive differences in temperature be- 


tween interior and exterior portions of a body of concrete, promote cracking 
and have a harmful effect on strength and durability. These effects are serious 
possibilities in winter during form removal and when protection against low 
temperatures is discontinued. At such times, the surface of the concrete may be 
rapidly chilled and cracking may result. The seriousness of cracking due to 


Text continued on p. 10456 
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Fig. 1—Relative strength of concrete as influenced by warming 
both in water and in air after exposure to temperatures of 16 
and 33 F—normal cement 


From: Timms, A. G., and Withey, N. H., “Further Studies of Temperature Effects on Compressive 
Strength of Concrete,” ACI JOURNAL, Nov.-Dec. 1934, Proc. V. 31, p. 165 
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Fig. 2—Relative strength of concrete as influenced by warming both in 
water and in air after exposure to temperatures of 16 and 33 F—high- 
early-strength cement 


From: Timms, A. G, and Withey, N. H., ‘Further Studies of Temperature Effects on Compressive 
Strength of Concrete,’ ACI JOURNAL, Nov.-Dec. 1934, Proc. V. 31, p. 165 
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RECOMMENDED PRACTICE FOR WINTER CONCRETING 
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. AGE AT TEST- DAYS 
Fig. 5—Strengths at different ages for concrete stored in air or in water 


at 50 F expressed as percentages of design strengths for curing at 70 F 
Dash lines for concrete given 1 day preliminary storage in air, then moist at 70 F (top four diagrams), 
or in water ot 72 F (bottom four diagrams) 

Solid lines for concrete made and given preliminary storage in air at normal temperatures, then stored 
in air or water at 50 F 
Dotted lines for concrete made and given 1 day preliminary storage in air at 50 F, then stored in air 
or water at 50 F 
From: Timms, A. G., and Withey, N. H., ‘Further Studies of Temperature Effects on Compressive 
Strength of Concrete,”” ACI| JOURNAL, Nov.-Dec. 1934, Proc. V. 31, p. 165 
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From: Shideler, J. J., Brewer, H. W., and Chamberlin, W. H., “Entrained Air Simplifies Winter Curing, 
ACI JOURNAL, Feb. 1951, Proc. V. 47, p. 449 





RECOMMENDED PRACTICE FOR WINTER CONCRETING 





No Ca Cl, 


Strength 




















t 
K 
) 


Pi 


Streng 


Flexural 


























Age at Test - days (log scale) 


EXPLANATION - 

| % Relative humidity 

Relative humidity 

Cement Content - 5/2 sacks per cubic yord 
Net “&- 4.8 gal. per sack = 0.43 by weight 
Siump varied with concrete ternperature. 
Air content- 42 + 2% (Neutralized Vinsol resin 
Flexure - 6 by 6 by 30-in. beams. Third point loading 
Compression -6-in. modified cubes 


Concretes mixed and placed at indicated curing temperatures (25°F and 
concretes mixed and placed at 40°F, then immediately to 25°F. or 10 
=] 


Fig. 7—Effect of temperature on the strength of air-entrained concrete 
made with Type | cement 


From a report (unpublished), ‘‘The Effect of Temperature on Concrete Strength,” by Pau! Klieger, 
Portland Cement Assn. Research Laboratories 
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Concretes mixed and placed at indicated curing temperatures (25°F and 10°F 
coneretes mixed and placed at 40°F, then immediately to 25°F. or 10°F) 


Fig. 8—Effect of temperature on the strength of air-entrained concrete 
made with Type Il cement 


From ao report (unpublished), ‘‘The Effect of Temperature on Concrete Strength,’ by Paul Klieger, 
Portland Cement Assn. Research Laboratories 
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Concretes mixed and placed at indicated curing temperatures (25°F concretes 
mixed and placed at 40°F, then immediately to 25°F.) 


Fig. 9—Effect of temperature on the strength of air-entrained concrete 
made with Type Ill cement 


From a report (unpublished), ‘‘The Effect of Temperature on Concrete Strength by Paul Klieger 
Portland Cement Assn. Research Laboratories 
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sudden chilling at the surface is greatest in mass concrete where the heat of 
hydration of the cement may raise the internal temperature from 30 F to as much 
as 70 F above the temperature at which the concrete is placed. Rapid dissipation 
of heat to the surrounding air in beams, columns, walls, or other masses of con 
crete less than 2 ft thick prevents development of excessively high internal tem 
peratures, but sudden drops in surface temperature of a destructive nature may 
occur in such thin sections. 


Obtain protection at a cost consistent with intended serviceability of 
structure 


In determining winter concreting methods it should be kept in mind that 
most concrete structures are intended for a useful life of many years instead of 
the few weeks or months covered by ordinary construction operations or labora- 
tory test periods. Satisfactory strength for 28-day cylinders is not enough if the 
structure shows frostbitten corners, dehydrated areas and cracking from over 
heating, all the result of inadequate protection and curing, or careless supervision. 
Similarly, early strength and good appearance of a structure achieved by use of 
excessive amounts of cement or calcium chloride will be of no avail if the con- 
crete cracks badly in later years or develops disruptive internal expansion as a 
result of chemical action. The last penny of construction economy should not 
be obtained by sacrificing durability. 


Experience has shown, however, that the cost of adequate protection for cold 


weather concrete need not be excessive. Depending on the type of structure and 
the exposure, cost of the concrete may be increased up to 10 percent over similar 
concrete placed under summer conditions. Since neglect of early frost protection 
may result in immediate destruction or permanent weakening of the concrete, 
it is apparent that adequate protection from low temperatures and proper curing 
are important factors on all concrete structures built during cold weather. 


SUMMARY 


Best winter construction practice for thin sections such as in buildings, pave 
ments. and bridges necessarily is somewhat different from that for massive 
concrete such as in dams and piers in which heat from hydration of the cement 
is a problem in any season. In the first case, our purpose is to keep thin sections 
from freezing and to permit their concrete to gain strength properly. In the 
second case, it is to keep temperature change down and at the same time prevent 
local frost damage to corners and exposed faces. In either case there is need for 
a factor of safety to take care of unexpected changes in weather and the possibility 
of some inadequacy in the protection provided. 

These things have been kept in mind in preparing these recommended prac- 
tices. Information has been included in the tables, and procedures have been 
described which will apply with ample security to any type or class of concrete 
work. For those who wish to operate with a low factor of safety, minimum 





RECOMMENDED PRACTICE FOR WINTER CONCRETING 1047 


requirements have been listed. Whether the safe or the minimum precautions 


are taken is a choice that must be made by those responsible for the job; the 
committee cannot make it. 

These recommended practices should be regarded as general recommendations, 
not as detailed specifications. For more detail on procedures and facilities refer- 
ence is made to the literature on cold-weather concreting, which is voluminous. 
A bibliography of 135 items published since 1929 will be found in the ACI 
JourNaAL, Sept. 1948, Proc. V. 45, p. 13. The following selected references may 
be helpful. The committee does not, however, necessarily endorse all practices 
mentioned in these references. 


SELECTED REFERENCES 


1. Shideler, J. J.. Brewer, H. W., and Chamberlin, W. H., “Entrained Air Simplifies 
Winter Curing,”’ ACI Journal, Feb. 1951, Proc. V. 47, pp. 449-460. 

2. Tuthill, L. H., Glover, R. E., Spencer, C. H., and Bierce, W. B., “Insulation for 
Protection of New Concrete in Winter,” ACI Journal, Nov. 1951, Proc. V. 48, pp. 
253-272. 

3. Shideler, J. J., “Calcium Chloride in Concrete,” ACI Journal, Mar. 1952, Proc. 
V. 48, pp. 537-560. 

4. Wallace, George B., ‘‘New Winter Concreting Techniques Successful on Bureau 
of Reclamation Jobs,’ Western Construction, Nov. 1954. 

5. Nernst, P., Rastrup, E., and Idorn, G. M., “Winter Concreting,”’ Direction No. 
17, Danish Institute of Building Research, Copenhagen, 1953. 

6. “Cold Weather Ready-Mixed Concrete,’ National Ready Mixed Concrete Assn., 
Washington, D.C., 1951. 

7. Clemmer, H. F., “‘When and Where to Use Calcium Chloride in Concrete Con- 
struction,”’ Concrete, V. 47, Oct. 1939, p. 14. 

8. Bornemann, E., “Concreting in Winter,’ Der Bautenschutz, V. 9, No. 11, Nov 
1938, p. 11. (Abstracted in ACI Journal, Apr. 1939, Proc. V. 35, p. 434) 

9. Schnarr, W., and Young, R. B., “Cold Weather Protection of Concrete,’”’ ACI 
Journal, Mar.-Apr. 1934, Proc. V. 30, pp. 292-304. Discussion, Sept.-Oct. 1934, Proc. 
V. 31, pp. 47-51. 

10. Schnarr, W., and Young, R. B., “Manufacturing Concrete During Cold 
Weather,”’ ACI Journal, Mar.-Apr. 1934, Proc. V. 30, pp. 279-291. Discussion, Sept.- 
Oct., 1934, Proc. V. 31, pp. 47-51. 

11. Kauer, J. A., and Freeman, R. L., “Effect of Carbon Dioxide on Fresh Con- 
crete,” ACI Journal, Dec. 1955, Proc. V. 52, pp. 447-454. 


For such discussion of this paper as may develop please see Part 
2, December 1956 Journal. In Proceedings V. 52 discussion im- 
mediately follows the June 1956 Journal pages. 











Title No. 52-61 


Tensile Crack Exposure Tests of Stressed 
Reinforced Concrete Beams* 


By THOMAS B. KENNEDY+ 


SYNOPSIS 


Eighty-two reinforced beams were made of concrete with a nominal 
compressive strength of 3500 psi at 28 days. Air-entrained and non- 
air-entrained concrete were used. Seventy-four beams were reinforced 
with rail-steel bars, of which 64 had deformations conforming to 
ASTM A 305-50T and 10 had old-style deformations. Eight beams were 
reinforced with billet-steel bars having deformations conforming to 
ASTM A 305-50T. Coverage over the steel was either % or 2 in. and 
bars were placed in either bottom or top position when the concrete 
was placed. Seventy-two beams were stressed from 20,000 to 50,000 psi 
by third-point loading and in the loaded condition exposed to severe 
natural weathering at half-tide elevation on the beach at Treat Island, 
Cobscook Bay, Me. Ten control specimens were exposed but not loaded. 

Results after three winters exposure indicated that only air-en- 
trained concrete specimens are sufficiently durable to withstand this 
type of exposure. Evaluation of test results was based on the condition 
of the specimens after two winters exposure because of the rapid 
deterioration of the non-air-entrained concrete beams which consti- 
tuted the majority of the specimens in the program. 

Specimens with bars having deformations complying with ASTM 
A 305-50T performed more satisfactorily than did those with old-style 
deformations. There was no distinguishable difference in the perform- 
ance of the specimens reinforced with rail-steel or billet-steel bars. 
Deterioration appeared to increase with increasing stress in the steel, 
only for the non-air-entrained concrete. Effect of position of steel, 
whether at top or bottom at the time of casting, was not apparent in 
the air-entrained concrete specimens. In the non-air-entrained con- 
crete specimens, those with steel at the bottom at time of casting were 
more durable than those with steel at the top. No effects of depth of 
protective concrete over the reinforcing steel were revealed. 


INTRODUCTION 
Purpose of investigation 


Little information is available on the effects of degree of tension in reinforcing 
steel and the thickness of the covering concrete on the deterioration of reinforced 


*Presented at the ACI 52nd annual convention, Philadelphia, Pa., Feb. 22, 1956. Title No. 52-61 
is a part of copyrighted JouRNAL oF THE AMERICAN CONCRETE INSTITUTE, V. 27, No. 10, June 1956, 
Proceedinys V. 52. Separate prints are available at 50 cents each. Discussion (copies in triplicate) 
should reach the Institute not later than Sept. 1, 1956. Address 18263 W. McNichols Rd., 
Detroit 19, Mich. 

*Member American Concrete Institute, Chief, Concrete Division, Waterways Experiment 
Station, Corps of Engineers, U. S. Army, Jackson, Miss 
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concrete members subjected to severe weathering. Purpose of this test prograi 
was to attempt to determine, for different types of reinforcing steel, the relation 
ship between the degree of tensile stress in the steel and the thickness covering 
and the resistance of the concrete to severe natural weathering. 

The test program was planned and executed by the Office, Chief of Engineers, 
in collaboration with the Reinforced Concrete Research Council of the Engineer: 
ing Foundation. 


Exposure station” 


The Corps of Engineers maintains an exposure station, where concrete and 
other materials are subjected to natural weathering, on the south side of Treat 
Island, Me., which is in Cobscook Bay between Eastport and Lubec. Small 
specimens are exposed at half-tide elevation on a timber rack attached to a wharf. 
Large specimens, such as those used in this program, are placed on suitable 
supports at half-tide elevation on the beach adjacent to and east of the wharf. 

Specimens are exposed to tidal alternations which saturate them with sea water 
(average tidal range is 18 ft with occasional 30-ft tides) under considerable head 
and permit them to drain and surface-dry to some extent (surface drying dimin 
ishes with time because marine growth and silt cover the specimens in a few 
months). In summer, they undergo wetting in relatively cold water (not over 
42 F) and drying in relatively warm air. In winter when the air temperature 
is 28 F (the approximate freezing point of sea water) or lower, they undergo 


freezing and thawing with each tide. The number of cycles of freezing and 
thawing as well as the intensity of the cycles varies with the severity of the winter. 
From the winter of 1940-41 through the winter of 1953-54 the number of cycles 
of freezing and thawing has averaged 131 annually, with a high of 242 in 1942-43 
and a low of 85 in 1952-53. For the period covered in this investigation the 
‘number of cycles were: 1951-52, 102; 1952-53, 85; and 1953-54, 125. 


Scope of program 


The program consisted of the fabrication and testing of 82 reinforced concrete 
beams comprised of 60 non-air-entrained and 22 air-entrained concrete specimens 
with a nominal compressive strength of 3500 psi at 28 days. The reinforcing steel 
in 72 of the beams was under stress varying from 20,000 to 50,000 psi. Two depths 
of concrete cover over the steel were used. Position of the steel at time of casting 
varied. The majority of the reinforcing bars were of rail steel conforming to 
ASTM A 16-50T and having new-style deformations. Some of the beams were 
made with rail-steel bars having old-style deformations; a few beams contained 
billet-steel bars having new-style deformations. Ten beams that were to serve 
as controls were not loaded. After each winter of exposure, the specimens were 
inspected and rated by panels of 8 to 16 qualified observers. 

An additional program, similar in test conditions and scope to the one reported 
in this paper, in which all the concrete is air-entrained is currently under way. 


*“Investigation of Durability of Concrete Exposed to Natural Weathering,”’ Technical Memor- 
andum No. 6-226, Waterways Experiment Station. Vicksburg, Miss.. May 1954. 





TENSILE CRACK EXPOSURE TESTS OF BEAMS 


MATERIALS 
Aggregates 


Manufactured limestone sand and crushed limestone coarse aggregate from a 
‘ommercial source near Nashville, Tenn., were used in the concrete. Physical prop- 
erties and test results are shown in Table 1. 


TABLE 1—PHYSICAL PROPERTIES OF AGGREGATES 


| Coarse 


| 
aggregate 


Specific gravity 7 
Absorption, percent ».4 
Loss in 5 cycles MgSO., percent 9 
Loss in Los Angeles abrasion 

test, percent 
Relative compressive strength 


1 


mortar cubes, percent: 3 days 
7 days 





Coarse 
Sieve Cumulative percent passing 
l-in | 100 
4-in. 99 
1o-in. 64 
3g-in | 30 
9 


Average grading 


Sieve 


No 
No 
No 
No 


No 


Fine 


Cumulative percent passing 


4 100 


92 
71 
44 
or, 


No. 12 
Fineness modulus | 2.56 


Cement and air-entraining admixture 


Type II cement and commercially prepared neutralized vinsol resin solution 
were uscd. 


Concrete 


The concrete was mixed in a 10-S rocking-tilting mixer. A separate batch was 
made for each reinforced beam. Each batch was tested for slump, and for air 
content if the concrete contained the air-entraining admixture. Six 6 x 12-in. 
cylinders were cast from the concrete representing each beam tested at 7 and 28 
days. The chord modulus of elasticity, between 250 and 1000 psi, was determined 
on the cylinders tested at 28 days. Test data concerning the mixtures and average 
compressive strengths and modulus of elasticity are summarized in Table’ 2. 


Reinforcing steel 


Reinforcing steel conformed to ASTM A 16-50T for rail-steel bars for concrete 
reinforcement, or to A 15-50T for billet-steel bars for concrete reinforcement, inter- 
mediate grade. The billet-steel bars conformed to ASTM A 305-50T for minimum 
requirements for the deformations of deformed steel bars for concrete reinforcement. 
Some of the rail-steel bars had deformations conforming to ASTM A 305-50T and 
the others had old-style deformations that did not meet the requirements of A 305. 
All working stresses were well below the yield strength. 
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TABLE 2—DATA ON CONCRETE 


| Non-air- Air- 


entrained entrained 


Slump, in 3 to 3% 3 to 3% 
Air content, percent —_— 452+0.5 
Cement, bags per cu yd 5.20 5.35 
Sand, total aggregate percent | 48.5 420 
Water-cement ratio, by weight 0.70 0 60 
Average compressive strength, 
7-day, psi 2650* 26957 
Average compressive strength | 
28-day, psi 3855t 3820* 
Standard deviation, psi, 28- 
day 
Coefficient of variation, per- 
cent, 28-day 
Average E xX 10°6 psi, 28-day 
Standard deviation, psi x 10-6 
Coefficient of variation, percent 
*Sixty-three tests. 
+Forty-five tests. 
tSeventy-five tests 


TEST SPECIMENS 


Preparation of specimens 


Test specimens were reinforced concrete beams 7 ft. 9 in. long. Steel reinforcing 
bars were 7 ft 5 in. long. The steel was positioned at top or at bottom of the beams 
at time of casting, and the depth to steel of concrete at the opposite surface of 
the beam varied from 11 to 12 in. Width of the beams varied from 8 to 10 in. Pro- 
tective cover of concrete over the steel was either % or 2 in. The reinforcing steel 
bars were tack-welded to pencil rod spacing bars and carefully wired into position 
in the molds before the concrete was placed. 

All concrete in the beams was consolidated by internal vibration. After casting, 
the beams remained in the molds covered with damp burlap for approximately 72 
hrs. They were then removed from the molds and cured by a continuous fine spray 
of water until 28 days old. At the end of the curing period, they were allowed to 
air-dry 14 days before being stressed. After stressing, the beams were stored out 
of doors until time of shipment to Treat Island. 

A recapitulation of the number of specimens, type (air-entrained or non-air-en- 
trained) concrete, coverage over steel, position of steel, stress in steel, and type of 
deformation of reinforcing used, is given in Table 3. 


Loading of beams 


Beams of similar size, with similar stress in the steel, and of similar concrete 
insofar as practicable, were paired and loaded by the spring and yoke devices shown 
in Fig. 1. The springs were placed between the two upper channel sections and 
loaded the required amount in a testing machine at which time the spacer-gage 
rods were set with a gap of 0.04 in. Rollers were placed at the third-noints, the 
yokes with springs were positioned, and nuts on the yoke rods tightened the re- 
quired amount to close the spacer gages to the original 0.04 in. 

Stresses in the steel and concrete were computed according to formulas taken 
from the ACI Reinforced Concrete Design Handbook (ist edition). 

Originally, when the load to be applied to produce the desired stress in the beams 
was calculated, a value of 10 was assumed for the ratio of the modulus of elasticity 
of steel to concrete. The modulus of elasticity of the concrete was approximately 
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Fig. 1—Method of loading tensile crack exposure beams 


4.9 x 10° psi so that the true ratio was nearer 6. Assuming a ratio of 6, then the 
stress in the reinforcing steel and concrete of loaded beams approaches the fol- 
lowing values: 





Stress in reinforcing steel, psi Stress in concrete, psi 





Nominal Computed | Computed 








tensile Tensile | Bond Shear Compressive 


20,000 19,700 100 | 65 1475 


40,000 39,400 
50,000 49,100 


150 60 1690 
165 50 1800 





30,000 29,700 | 130 | 70 1740 
| 





Cracking 


Cracks that developed during loading were traced in pencil and the specimens 
photographed. Typical specimens after loading are shown in Fig. 2. The cracks were 
fine and followed an irregular pattern so that it was impossible to measure their 
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Fig. 2—Air-entrained concrete 
beams with A305 rail steel under 
50,000-psi stress 


width. Cracks in beams containing old-style steel were somewhat wider than those 
in beams with A 305 steel. 


Installation at exposure station 


Specimens were installed upright on concrete sills spaced 54 in. apart at mean- 
tide elevation on the beach at Treat Island. At the time of installation, the latter 
part of November, 1951, ages of the specimens ranged from 90 to 120 days. The 
specimens are shown in position on the beach in Fig. 3; Fig. 4 shows them partially 
submerged by the tide. 


TESTS AND RESULTS 
Inspection program 
Specimens were inspected weekly by the resident inspector. Few adjustments 


were required to maintain correct gap openings of the spacer gages. Physical 
condition of specimens was observed and the date on which failure occurred, 


as indicated by inability to maintain the correct opening in the spacer gages, 
was noted. 

In June of 1952, 1953, and 1954, the specimens were inspected in detail and 
evaluated by panels of qualified observers. Eight men made the inspection in 
1952, 15 men in 1953, and 16 in 1954. 


Methcd of evaluating specimens 


In this report, so as to obtain a large numerical spread, the specimens wer 
evaluated according to the following system: 


oe seneh i S 
ue Sh oeie 
ether EZ aS 


Fig. 3—Beams in place on con- Fig. 4—Specimens, after two 
crete sills on beach at half-tide winters exposure, partially sub- 
elevation merged by the tide 
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Fig. 5—Unstressed beams No. 18 Fig. 6—Unstressed, non-air-en- 

and 17 of air-entrained concrete, trained concrete, bottom-cast 

reinforced with A305 rail steel, specimens with 34-in. cover, both 

bottom-positioned with %4-in. with rail steel—beam No. 45 with 

cover. Little deterioration occurred A305 and beam No. 46 with old- 
in air-entrained beams style deformations 


Excellent = 100 - Negligible deterioration 

Good = 75 - Slight deterioration, usually along edges 

Fair = 50 - More advanced deterioration, sometimes accompanied by 
longitudinal cracks indicative of potential spalling and 
exposure of reinforcing steel 

Poor =—_ ‘ Advanced deterioration, with considerable exposure of re- 
inforcing steel 

Failed = Complete loss of load-carrying capacity 


Results 


The summarized results of the inspections are shown in Table 3. Fig. 5 through 


fond 


10 show in detail the condition of some of the specimens after two winters 


(approximately 1% years) exposure. 


Discussion 


Evaluation of the test results is based principally on the inspection after two 
winters exposure. By that time it was evident that the air-entrained concrete 
was vastly superior in durability to the non-air-entrained concrete, with little 
deterioration occurring in the air-entrained beams. The non-air-entrained beains, 


however, were in various stages of deterioration ranging in condition from good 


to failed. Many of the specimens were completely destroyed during the third 
winter of exposure, thereby removing some of the conditions of fabrication and 
test. 

It had been expected that corrosion of the reinforcing steel would be a factor 
in the deterioration of the beams; however, this was not the case. The cement 
paste coating imparted to the steel as the beams were made appeared sufficient 
to protect it against corrosion by the salt water despite the narrow tensile cracks 
in beams with the A 305 bars and the wider cracks in those containing the 
old-style bars. 
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TABLE 3—RESULTS OF INSPECTION OF BEAMS AFTER ONE, TWO, 
AND THREE WINTERS EXPOSURE 


| 
| 





| Nominal | CASEIN 
Deforma-| stress, | Cover, Steel |_ Ratingt — 
| Concrete tiont | psi | in. position 1953 


Air 20,000 Top | 93 
Air 20,000 Top } 91 
Air 20,000 Bottom 95 
Air 20,000 Bottom 85 
Air 39,000 Top | 98 
Air 30,000 Top 89 
Air 30,000 Bottom | 100 
Air 30,000 Bottom 95 
Air 40,000 Top 85 
Air 40,000 Top | 100 
Air 40.000 Bottom 85 
Air 40,000 Bottom ¢ 98 
Air 50,000 Top 100 
Air 50,000 Top 88 
Air 50.000 Bottom 95 
Air 50,000 Bottom 83 
Air — Bottom | 90 
Air Bottom 100 
Non-air Top 25 
Non-air Bottom | 3 
Non-air 20,000 Bottom 81 
Non-air 20,000 Bottom 58 
Non-air 20,000 Bottom | : | 10 
Non-air 20,000 Bottom | 57 
Non-air 30,000 Top ) | 20 
Non-air 30,000 Bottom | 5 0 
30.000 Bottom | . 81 
39.000 Bottom x 28 
30.000 Bottom | 0 
30,000 Bottom : 84 
40,090 Top | 0 
40,000 Top 0 
40,000 Top | 
40,050 Bottom 
40,000 Bottom 
40,000 Bottom 
50,000 Top 
50,000 Top 
50,000 Top 
50,000 Bottom 
50,000 Bottom 
50,000 Bottom 
— Top 
Bottom 
Bottom 
Bottom 
Top 70 
Bottom 50 
Bottom 75 
Bottom 92 
Bottom 57 
Bottom 75 
Top 50 
Bottom 46 
30,000 Bottom 75 | 
56 U | Non-air | __|__ 30,000 Bottom | 39 | 
*U indicates upper, L indicates lower position of paired beams. pais ers 
t'‘A” bars have deformations higher and more closely spaced than ASTM A 305: ‘‘B’”’ bars 
meet ASTM A 305; old-style bars do not meet A 305. 
tExcellent = 100; good = 75; fair = 50; poor = 25; entirely failed = 0. 
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TENSILE CRACK EXPOSURE TESTS OF BEAMS 


TABLE 3 (Cont’d.)—RESULTS OF INSPECTION OF BEAMS AFTER 
ONE, TWO, AND THREE WINTERS EXPOSURE 





Nl | | Nominal | l ach 
Beam Deforma-| stress, | Cover, Steel | Ratingt | 
No.* Concrete tiont psi | in. position 1952 | 1953 
57 L Non-air | Old-S | 30,000 
58 U | Non-air | Old-S | 30,000 
59 Non-air 40,000 
60 U | Non-air 40,000 
61 | Non-air 40,000 
62 | Non-air 40,000 
63 Non-air 40,000 
64 Non-air 40,000 
65 Non-air 50,000 
66 Non-air 50,000 
67 | Non-air 50,000 
68 Non-air 50,000 
50,000 
50,000 





Bottom 7 | 46 
Bottom 0 | 0 
Top 7 | 66 
Top 58 | 46 
Top } 0 | 0 
Bottom | 43 27 
Bottom 88 64 
Bottom 61 25 
Top | 0 | 0 
Top 50 5 
Top 68 52 
3o0ttom 87 83 
Bottom 67 58 
Bottom 42 29 
Top | 58 41 
Top 68 59 
Bottom 29 25 
Bottom 29 23 
Bottom | 93 81 
Bottom 96 100 
Bottom 86 59 
Bottom 96 100 
Bottom 89 40 
Bottom 93 93 
Bottom 89 65 
Bottom 93 100 


do >> >> >> 


Non-air 
Non-air 
| Non-air 
Non-air 
Non-air 
Non-air 
Air 
Air 
Non-air 
Air 


) 
>> >> PP AaPP> WW WW 


' 
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20,000 
20,000 
20,000 
20,000 
| Non-air 30,000 
| Air 30,000 
| Non-air | A 30,000 

Air A 30,000 
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J indicates upper, L indicates lower position of paired beams. 
t’‘A’’ bars have deformations higher and more closely spaced than ASTM A 305; “B’’ 
meet ASTM A 305; old-style bars do not meet A 305. 
tExcellent = 100; good = 75; fair = 50; poor = 25; entirely failed = 0 


bars 


Air-entrained versus non-air-entrained concrete 


The superior resistance of air-entrained concrete specimens over non-air-en- 
trained specimens to weathering at Treat Island is quite evident from the data 
presented in Table 3 and from the illustrations. The average rating of all the 
air-entrained specimens after two winters exposure was 94 while the average 
rating of all the non-air-entrained specimens was 34. 


Upper versus lower exposure position 


The upper beam of each pair of air-entrained concrete beams suffered less 
disintegration than the lower beam. The lower beam of each pair of non-air- 
entrained concrete beams suffered less disintegration than the upper. Average 
ratings for the two types of concrete and two exposures are shown below: 





Exposure position | Air-entrained Non-air-entrained 


Upper 98 16 
Lower 87 49 














The upper of a pair of beams was subjected to more severe freezing and thawing 
than the lower. The tensile cracks in the upper beams, being on the top surfaces, 
served to retain water which increased the deterioration due to freezing. Cracks 
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Fig. 7—Beams No. 13 and 14 of 
air-entrained concrete with A305 
rail steel top-positioned reinforce- 
ment with 34-in. cover, stressed to 
50,000 psi. Beams No. 23 and 24, 
60 and 59 of non-air-entrained 
concrete and rail steel reinforc- 
ing. No. 23 and 24 reinforced 
with old-style bars, bottom-posi- 
tioned when cast with 34-in. cover, 
stressed to 20,000 psi. No. 60 and 


59 reinforced with A305 bars, top-positioned when cast with 2-in. 
cover, stressed to 40,000 psi 


in the lower beams were comparatively self-draining. The upper beam received 
no heat from the saturated beach as did the lower beam, and too, the lower beam 
was sheltered (although this protection was slight) by the upper beam. The 
lower beams, therefore, while undergoing the same number of cycles of freezing, 
were less severely frozen during each cycle. 

However, the lower beams being under water longer than the upper beams, 
receiving the drip from the upper beams, and having less opportunity to surface- 
dry between tidal changes possibly underwent some slight chemical attack. 


ais 8 or reegamptge cB 


Fig. 8—Beams No. 35 and 36 of 


non-air-entrained concrete with 

A 305 rail steel reinforcement with 

%-in. cover, bottom-cast position, 
stressed to 40,000 psi 


Fig. 9—Beams No. 57 and 58 of 
non-air-entrained concrete with 
rail steel old-style reinforcement 
with 2-in. cover, bottom-cast posi- 
tion, stressed to 30,000 psi 





TENSILE CRACK EXPOSURE TESTS OF BEAMS 


Fig. 10—Beams No. 7 and 8 of 
air-entrained concrete reinforced 
with A305 rail steel bars stressed 
to 30,000 psi, in bottom position 
when cast and with 34-in. cover. 
Beam No. 71 is an unstressed beam 
of non-air-entrained concrete re- 
inforced with A 305 rail steel bars, 
in top position when cast and with 
2-in. cover 


Air entrainment afforded good protection against freezing and thawing but 
did not prevent chemical attack. The non-air-entrained concrete suffered severely 
in the upper-exposed beams as a result of freezing and thawing, less severely in 
the lower-exposed beams, but still more severely than the air-entrained beams 
exposed in either position. : 

It would appear that attack by the sea water caused the slight deterioration 
that occurred in the air-entrained concrete, while freezing and thawing was the 
major cause of disintegration in the non-air-entrained concrete. Any slight dis- 
integration in the non-air-entrained specimens caused by chemical attack was 
overshadowed by the much more severe disintegration caused by freezing and 
thawing. 


Old-style versus A305 deformations 


The condition after two winters exposure of each beam containing reinforce- 


ment with old-style deformations, together with comparable beams containing 
steel with A 305 deformations, is shown in Table 4. 

In every case where specimens were alike, except for the style of deformation 
of the steel, the beams reinforced with A 305 bars were superior in rating to those 
re-nforced with old-style bars. Fig. 11 compares average lengths of life of non- 


TABLE 4—RATING OF NON-AIR-ENTRAINED CONCRETE WITH STEEL AT 
BOTTOM AT TIME OF CASTING 


Old-style | 





tating by Rating by 
Stress exposure position exposure position 
Beam No psi Upper | Lowe! Beam No Upper | Lower 


4-in. cover 


23, 2 20,000 10 57 22, 2 20,000 5f 81 
29. 3 30,000 0 84 , 20,000 ‘ 
46 0 - 43 28,: 30,000 28 81 
5 0 46 
0 


cover 


20,000 4 50, 4 20,000 
30,000 46 48 20,000 
77 20,000 
56, 5f 80,000 
54 30,000 
81 30,000 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 195¢ 





Fig. 11—Average life of 
comparable non-air-en- 
trained specimens with 
steel at bottom at time 
of casting 
Two specimens with A305 bars 
in the 20,000-psi group and 
one in the 50,000-psi group 
had not failed after 25 months 
exposure (points M and N) 
when this report was compiled. 
Final location of points M and 


20000 30000 40.000 N will be higher than presently 
STRESS IN STEEL, PS! shown 





0° 
a? 
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MONTHS 


























air-entrained specimens containing the two types of bars, based on data from 
Table 3, after three winters exposure. 


Effect of stress in reinforcing on durability 


In Table 5 the air-entrained concrete beams with A 305 deformation are ar- 
ranged according to the condition of fabrication and position of exposure, and 
the rating at the end of two winters for the various degrees of stress in the re- 
inforcing steel is shown. 

From these data, deterioration cannot be correlated significantly with stress. 
Possibly the durability of the air-entrained concrete is such that a sufficient amount 


of time has not passed for any correlation that might exist to develop. 

Data for the non-air-entrained concrete were analyzed in a similar manner 
in an attempt to discover a relation between increasing stress and increasing de- 
terioration. No clear-cut relation is evident within any fabrication and exposure 
condition, largely because of the small number of specimens involved per set of 
conditions; however, when all the upper-exposed non-air-entrained specimens 
with A 305 deformations are considered as a group, there is an apparent relation 


TABLE 5—EFFECT OF STRESS ON DURABILITY 


Stress, psi, and rating 
l 20,000 30,000 ~—s| 40,000 
Steel at top at time of casting 
%-in. cover, upper exposure 
| 93 | 98 | 
%-in. cover, lower exposure 
—T 7 os | 
Steel at bottom at time of casting 
%-in cover, upper exposure ; 
| 95 | 100 
100 | 93 
%-in. cover, lower exposure 
££ a 85 95 
18 | 


17 
































80 




















2-in. cover, upper exposure 
78, 82 | 100 | 100 
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Fig. 12—Average ratings — 
for A305 non-cir-en- 
trained concrete speci- 
mens, upper exposure, 

after two winters 

















20,000 30,000 40.000 
STRESS IN STEEL, PSI 


between increasing stress and increasing deterioration except at 30,000 psi (Fig. 
12). When the lower-exposed non-air-entrained specimens with A 305 deforma- 
tions are considered as a group, there also is an apparent definite relation between 
increasing stress and increasing deterioration (Fig. 13). Why the 30,000-psi speci- 
mens in the upper-exposed group behaved more poorly than the 40,000- and 
50,000-psi specimens is not known. Damage to the specimens in transit could 
be one explanation, although no damage is known to have occurred. 

A point, not connected to the curve, with a rating value of 43 at zero stress 
can be seen on Fig. 13.'This represents the average rating for the unstressed con- 


trol beams. The rating of 43 is lower than ratings for the 20,000-, 30,000-, and 
40,000-psi lower-exposed stress conditions. It is believed that this may have been 
because the control beams were not in pairs and therefore were not protected by 
the shelter afforded by upper-exposed beams. 


Effect of position of steel 


Whether the reinforcing steel was positioned near the bottom or top of the 
beam when the specimen was cast made little or no apparent difference in the 
durability of the air-entrained concrete. Where direct comparison could be made 
between similar specimen type, stress, and exposure condition, the results were 
as follows: the bottom-positioned steel rated higher than the top-positioned steel 


150 








RATING 





Fig. 13—Average ratings 
for A305 non-air-en- 
trained concrete speci- | 
| 
mens, lower arts apaeansiand 20,000 30200 40,000 50p00 
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three times; the top-positioned steel rated higher four times; and the rating w 
equal once after two winters exposure. It is believed that the durability of ti 
air-entrained concrete was great enough that differences due to location of st: 
at time of casting were not apparent after two winters exposure. 


When the non-air-entrained concrete is considered for comparable conditio: 


in the stressed beams, the beams with steel at bottom at time of casting showed 
a better rating in 11 cases, and the beams with steel at top at time of casting 
showed a better rating in six cases. This indicates generally better durability for 
the specimens with steel in the bottom position when the beam was cast. For the 
unstressed beams, in all four cases where direct comparisons could be made be 
tween specimens with top- and bottom-positioned steel, the beams with top 
positioned steel at time of casting rated better after two winters exposure than 
those with bottom-positioned. steel. It is believed that this was due to the fact 
that the unstressed beams were placed on the supporting sills on the beach with 
the reinforcing steel at the underside. Thus the most durable surface of the beams 
with steel at top at time of casting was up, and the least durable surface of the 
beams with steel at bottom at time of casting was up, and hence exposed to the 
most severe weather. 


Effect of depth of cover 


The effect of depth of cover on the durability of the beams is not apparent from 
the data. The durability ratings were identical for both coverages for the air- 
entrained beams after two winters exposure. 

The fact that the upper and lower position of the beams provided greatly 
different exposure severity introduced an additional variable into the program 
so that it was impossible to make enough comparisons to be significant where 
the only known variable was depth of coverage. For all the non-air-entrained 
concrete, however, the average durability rating after two winters exposure was 
33 for the 3/4-in. coverage and 34 for the 2-in. coverage. This difference is not 
significant. 


SUMMARY OF TEST RESULTS 
Air-entrained versus non-air-entrained concrete 


Air-entrained concrete beams were vastly more resistant to the severe weather 
ing at the Treat Island exposure station than were the non-air-entrained concrete 
beams. The average rating of the air-entrained beams after two winters exposu:e 
was 94 (no disintegration equals 100) while the average rating of the non-air 
entrained beams was 34. 


Upper versus lower exposure position 


The upper beam in each pair of air-entrained concrete beams was more resistant 
to weathering than the lower beam. The opposite was true with the non-air 
entrained beams. Air entrainment afforded protection to both upper and lowe: 
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beams against freezing and thawing, but some slight chemical attack may have 
occurred to the lower-exposed air-entrained beams. 


Non-air-entrained beams were severely damaged by freezing and thawing; the 
upper beam was more severely attacked than the lower beam. Slight chemical 
attack was masked by the more severe deterioration due to freezing and thawing. 


Old-style versus A305 deformations 


In every case where specimens were alike except for the style of deformation 
of the reinforcing bars, the A 305 beams were superior in performance to those 
reinforced with old-style deformations. 


Effect of stress in reinforcing on durability 


No correlation was noted between increasing stress and increasing deterioration 
in the beams of air-entrained concrete; possibly, sufficient time had not passed 
for any correlation that might exist to develop. A slight correlation appears to 
exist between increasing stress and increasing deterioration in the non-air-entrained 
concrete beams. 


Effect of position of steel 


Whether the reinforcing steel was positioned near the bottom or the top of 
the beam when the specimen was cast made little or no noticeable difference in 
the durability of the air-entrained concrete beams. 

For the non-air-entrained concrete beams, generally better durability was shown 
by the specimens with the reinforcing in the bottom position when cast. 


Effect of depth of cover 


The effect of depth of concrete covering the steel when the specimens were 
cast was not apparent in either the air-entrained or non-air-entrained concrete 
beams. 


For such discussion of this paper as may develop please see Part 
2, December 1956 Journal. In Proceedings V. 52 discussion im- 
mediately follows the June 1956 Journal pages. 
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Building Frames in Prestressed Concrete* 
By DAVID P. BILLINGTON+ 


SYNOPSIS 


Three important variables in the design of economical prestressed 
concrete building frames are: (1) tendon profile, (2) girder cross sec- 
tion, and (3) girder profile. The action of each variable on the ef- 
fectiveness of the frame in carrying its load is considered. Types of 
frames considered are those in which (1) frame is post-tensioned, 
(2) girder only is prestressed, and (3) prestressing force is constant 
throughout girder length. Criteria are offered for selecting an efficient 
framing system for detailed frame analysis. 


INTRODUCTION 


Before analyzing a prestressed concrete building frame, the designer must decide 
upon the general position of the prestressing forces and the shape of the concrete 
members. The purpose of this paper is to guide the designer in these decisions. 

Three factors are critical in selection of an economical frame design: (1) profile 
of the centroid of the prestressing force in the girder (tendon profile); (2) girder 
cross section; and (3) variation of the girder depth in elevation (girder haunch- 
ing). 

The only types of frames considered are those in which (1) the total prestress- 
ing force is applied after the frame has been completely cast; (2) the girder only 
is prestressed; and (3) the prestressing force is constant throughout the girder 
length. Much of the discussion can also be applied to the case where the girders 
are precast, prestressed partially for handling, and then made a frame by pre- 
stressing the girder against the columns. The analyses are based on the elastic 
theory. 


TENDON PROFILE 


The prestressing force F causes the girder to shorten and to bend. Both these 
movements cause continuity forces at the girder supports, and hence give rise to 
deflections in the entire frame. Girder shortening depends on the size of F only, 


since 4 = FL/AE. Girder bending depends on both the size and profile of F; 
therefore, in a discussion of various tendon profiles only the bending effect need 


be considered. (In the numerical examples the shortening effect, combined with 


plastic flow, is included to show its relative importance.) 
For convenience, the bending effect can be split into two parts. Consider a 
frame girder with the tendon profile shown in Fig. la. If the girder is cut and 
*Received by the Institute Apr. 27, 1955. Title No. 52-62 is a part of copyrighted JOURNAL 
OF THE AMERICAN CONCRETE INSTITUTE, V. 27, No. 10, June 1956, Proceedings V. 52. Separate 
prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute 
not later than Sept. 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich 


tMember American Concrete Institute, Project Engineer, Roberts and Schaefer Co., New 
York, N.Y. 
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Fig. 1-Loading area: 
TENDON PROFILE caused by a tendon pro- 
file 





i 
re 











d 


AREA BETWEEN C.G.C. AREA OF AREA OF 
& TENDON PROFILE NEGATIVE POSITIVE 
(A +B) BENDING(B) BENDING (A) 


hinged over the columns, the rotation at X = 0 can be expressed as 


F Le,dxz F L x da 

i Fi er ee 

al ntef | 4 i .) I, 
0 0 


L erdx 


F 
Let the first part of Eq. (1) z f ; (represented in Fig. lc), equal 4; 


0 z 
the second part of Eq. (1) (represented in Fig. 1d) equals B. Any tendon profile 
can be so split.’ 
If the profile is symmetrical, then 


A B F L e,dx Fe, L dx 
oo e Raat 3 I, 


It is quantities 4 and B which determine the nature of the frame bending due 
to prestressing. 


A and B can also be used to express the effects of an external load in which: 


1 LM dx 
A =— i ss 
pf. 


M. is the moment line along the girder corresponding to Fez for the prestressing 


load. 
1 L x dx 
= — a4 fe ae 
L L §. 


M, and Mz are moments at the supports and correspond to Feo and Fe, for the 
prestressing load. 

Therefore, as long as ex has the same curve but opposite sign as M.(e-= — KM-), 
then all the forces in the frame caused by Mz will be directly counteracted 
by Fez. The same is true for eo and Mo, and ex and Mz. 


By varying ¢z, éo, ex, and the curve of the prestressing force, the designer can 
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Fig. 2—Tendon profiles TENDRON CENTROID 
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TENDON PROFILE II 
A=0 


achieve a force distribution throughout the frame to suit any type of external 
load. Three typical tendon profiles (Fig. 2) will illustrate this effect. 

Tendon profile I (Fig. 2a) for which A + B — 0. No rotation occurs at the 
girder supports, hence the prestressing load causes no forces in the columns 
and footings, except those due to shortening as indicated in the numerical 
examples. 

y I 


all z 


1 I ™ dx 

Tendon profile II (Fig. 2b) for which B — 0 and A J Fe, 
in which e, is directly proportional to M,. In this case column and footing 
forces due to M, are counteracted at all points by forces due to Fe,,. 

Fe, (© da 

Tendon profile III (Fig. 2c) for which A — 0 and B = E | — Larg- 
er forces go into the columns and footings in this case than in profile II, but 
less of the prestressing is effective in the girder. This profile is included for 
comparison only; it would not generally be practical. 
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Fig. 3—Bending moments from prestressing for varying tendon profiles 


Fig. 3 compares the action of these three profiles on a symmetrical frame. 
It is important to note that an increase in tendon curvature from the straight 
profile III to the progressively higher parabolas of profiles II and I causes an 
increase of forces from prestressing in the girders, and a decrease of forces from 
prestressing going into columns and footings. This comparison is based on a 
constant prestressing force and center span tendon eccentricity. 
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The quantity @ expresses the percentage of the simple beam moment Ms 


which exists in the frame at the center of the span. 
i 1 
a =< = — fd, 
Where M, 
d. = distribution factor of the column 
f = ratio of the fixed end moment to the simple beam moment 
= F.E.M./Ms = 2/3 for a girder of constant cross section 
When a = 1.0 the girder is hinged over the columns. When a = 1/3 the 


girder is fully fixed over the columns. (For the haunched girder a < 1/3 for fix- 

ity.) 

To compare profiles 1 and II quantitatively, F can be calculated for each 
case as follows: consider the load moment at the center of the span as critical, 
and determine F under the condition of zero tensile stress in the bottom fiber 


at full load. 
aM, F, Fe. 
For profile I: f?,,. = — — 0 
Z, A, Z, 


— + &, 


c 


For profile II: 


b 
= e€. 
oe * 


Since @ is always less than 1, Fi is always less than Fn. The numerical 
examples will show that the increase required in Fru over Fi goes together with 
a decrease in column and footing moments and thrusts. In choosing a profile 
the designer must weigh the increase in prestressing steel against decreased 
column and footing materials. 


GIRDER CROSS SECTION 


In a previous paper* formulas and curves were developed for determining 
the most effective cross sections for simple beams. The term “most effective” 
refers to that cross section which carries a given applied load (wa) with the 
minimum of concrete and prestressing steel. 

Eq. (3a) of that paper is: 


SF h h 
ee nn 2 — AD, 
L? (A, + A») Yo \ Yo 


It was pointed out that since h»/ys < 1, Awa must always be negative, and there- 
fore any addition of concrete below the center of gravity (4») resulted in a 
decreased load capacity (—Awa). If this equation is modified for the girder of 
a frame where Mcr = @M,g, then 


F h s fh, ~« 
Aw, = AD. | — _ — 1. — +a{—-—l1 —1 
L*D, (A. + Ar) Yr Yr 
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Fig. 4—Minimum prestressing force versus « for three cross sections; 


« = centerspan frame moment/simple beam moment (M.,) 


[Fyo| /|L’De(Ac +4v)| is usually less than 2.0, and @ greater than 0.5, so that 
in nearly all practical cases Awa will be negative. Therefore, the question ot 
how large to make a bottom flange rarely arises, and its size will normally be 
determined by proper concrete cover for the steel and compressive stress 
limitations under initial prestressing force. Moreover, as @ approaches 0.5. the 
moment over the column becomes critical. Rather than design a girder with 
a minimum bottom flange near the center and a minimum top flange over 
the column, it seems reasonable to utilize a symmetrical section. 

Fig. 4 shows the variation of prestressing force F with a decrease in @ for 
three different cross sections. The concrete areas of sections 2 and 3 are equal. 
In this case there is seen to be relatively little difference between the T-beam 
and the symmetrical I-beam. 


Symmetrical I- and hollow box girder 


Section 2 of Fig. 4 shows both the symmetrical I- and the hollow box girder 
cross sections. Since this type of cross section is well adapted to building frames 
it is of interest to show how it can be most effectively proportioned. 

To analyze such a section, let e=hu/h and B=bu/b (see Fig. 4 for symbols). 
Therefore, ; 





PRESTRESSED BUILDING FRAMES 



























































Fig. 5—Section constant for symmetrical section 


twat .¢o 
“a? 


A, = hb (1 — «) 
and Eq. (2a) becomes 


where K; is a constant, proportional to the area of void (Anhn). 
Fig. 5 shows how K, varies with « and £. For the solid rectangular section 
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Fig. 6—Elastic shortening of simple beams versus depth of parabolic 
haunch 

e = 8 = 0 and K; = 1.0. As in the analysis of simple beams, for any given flanges 

a decrease in web (or walls) leads to a decrease in steel. It is interesting to 

note that for any given f there is one most effective flange thickness. In designing 

a frame, therefore, the procedure would be: 


1. Determine the maximum g possible, limited only by buckling, by tendon 
2. Obtain the optimum « from Fig. 5. 

protection, and by diagonal tension. 
3. Read K, from Fig. 5, and calculate Pir 


Effect of girder shortening—Fig. 6 shows how the elastic shortening varies with 
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, decrease in cross sectional area (increase in ef). Since the shortening sets up 
sitive moments in the girder, F will increase, and the increase is greater the 
iigher ¢8 becomes. 


Variation in frame characteristics due to girder being nonprismatic 
(a) Fixed end moment: If it is expressed as a coefficient, K (wL*), the coef- 
ficient remains the same as for a solid prismatic member, but w decreases due 
to the smaller load. 
(b) Carry-over factor: 
L xdx L x*dx 
L ace en ae 
I, I, 
0 0 


ide 
‘fa 


Where J; = Ic (1 — e*8), which is a constant and cancels out, so that Cor is the 
same as in a solid prismatic section. 
(c) Stiffness factor: 


C 


OL 


L* 
i. =——.— 


OL L dx mm L (L— x)x ax 
I, f I - Cote f c I 


Since J; = Ie (1 — e*8) = constant, then 
L’ 


K.,Hollow — ———————_- —— —— 


OL I, L Ait ; Cc } lL L 4 
— — (Zl — ©) rar 
T.(1 a e°3) J vile. i OLy on mf r r 


= K , ,Selia ‘> £*g) 


It is interesting to note that if « and B vary directly with A and 4, respectively, 
then the above relations are true even for haunched girders. 


GIRDER PROFILE 


In reinforced concrete frames a haunched girder is often advantageous. In 
prestressed concrete building frames this is not so for the following reasons. 
(1) In reinforced concrete frames the advantage of haunching lies in distributing 
moment back to the supports and consequently decreasing the concrete section 
at the center of the span. In prestressing this diminishes the tendon eccentricity; 
therefore, more steel is required and greater concrete stresses result. This effect 
is shown in the numerical examples. (2) For equal volumes of concrete (see 
numerical examples), the effect of girder shortening is greater in the haunched 
girder, thus requiring more steel (see Fig. 6). (3) Construction costs of a haunch- 
ed girder may be greater due to the more difficult formwork and steel placement. 

Haunching can be more effective where tendons can be conveniently cut off 
or added, much as with mild steel bars in reinforced concrete. In prestressed 
building frames this practice would rarely be economical since it involves more 
careful steel placement and many more operations for prestressing. Such a system 
has been used to advantage in long span bridges. 
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NUMERICAL EXAMPLES 
Girder of constant cross section (Example 1) 

The frame in Fig. 7 will be analyzed with the three different girder cr 
sections shown in Fig. 8. Columns, 2 x 3 ft, are the same in each case. A ri 
load of 50 psi dead load and 40 psi live load with a column spacing of 20 ft 
assumed. Tables 1, 2, and 3 give the characteristics, loads, and prestressing forces 
required in each cross section. Section 2 will be taken to illustrate the calculatio: 


4.5 
Column stiffness — > = 0.1500 


1 185 ; 
Girder stiffness = — x = 0.0925 
Z 100 
0.0925 2 
; = = 0.38, d, = 0.62, a = 1 — — [0.62] — 0.59 
0.2425 3 
For profile 1, using Eq. (2a): 
M, 0.59 3440 
r= — = J — 637 kips 
2/A. + €, 1.17 + 2.00 
For profile II, using Eq. (2b): 
oM, 0.59 x 3440 baal 
P., = _ = 860 kips 
Il 2/A,. + ae 2.27 +. 1.18 
The shortening effect must be included now. Under a normal load F, the shorte: 
ing of an unrestrained girder at one end would be: 
FL 
A= 2A.E 
This movement causes a fixed end moment in the columns equal to: 
6 El, A 8 Too, LF 


M. ys CoOL 
be FE Ee A. 














3'0"x 2'0" COLS. 











FULLY RESTRAINED FTGS. 
“ate 
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Fig. 7—Frame example 1 
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Fig. 8—Cross sections—Example 1 


If the shortening due vo plastic flow and shrinkage is assumed to be three times 
as great as the elastic shortening,* then: 


12 Io, LF F 
M, = = 6 — = 0.952F 
HA A, 


TABLE 1—FRAME CHARACTERISTICS TABLE 3—PRESTRESSING FORCES 


Example 1 Example 1 


Unit Section | Section | Section Unit Section) Section! Section 


1 2 3 1 2 3 
sqft | 10 6.3 6.3 0611 0.59 0.59 
ft‘ | 20.8 18.5 18.7 

6. 


——s 886 637 603 
cu ft 8.3 | TA 


cuft| 83 | 7.4 
ft 20 | 2.0 “ 0.41 0.38 0.38 
ft 0.833 | 1.170 


1220 860 840 


0.6F 0.952F| 0.952F 


TABLE 2—LOADS ey 974 719 675 
Example 1 sr 
1380 1010 990 
Unit Section | Section | Section 
1 2 3 
My, ft-kip 3125 2440 2440 
M,, \ft-kip | 1000 1000 1000 


M,, |ft-kip | 4125 3440 | 3440 
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In a symmetrical frame the positive moment distributed into the girder is: 
M = 4,M, = 0.38 x 0.952F — 0.362F 


Eq. (2) must be modified to include this moment: 


For profile I: 
aM, 0.362F” 0.362F”" 
v I _ 637 4 I 
3.17 


719 = 1.128F, 


For profile II: 


Table 3 shows that the increase in steel due to the shortening varies 10 to 18 
percent. Table 4 shows the column and footing forces for the six cases considered. 


TABLE 4—COLUMN AND FOOTING FORCES 


Example 1 


7 i | Cpa Profile II 
|-- ; Column moments | Thrust, | Column moments | Thrust 
Top yo Bottom kips | Top ~ | = Bottom kips 
Section 1 


i= DL ___| +1220 _| + 610 + 61 | = 610 | + 61 
| | : 
] 
a 
| 
"i 
a 


Moment, 


ft-kips | - 


| 
~ + 


=ian 0 ,lt«t( (<i te 

“3 = F(shorten) | — 20 
4 = F(bending) 1 
6=14+3+44 | + 980 


+ 195 + 20 
585 — #1 
— 57. 54 
—6512_— a 
| —— | +e | —— 4 
— + ———— . — a. 11 
 ettca SS I ’ x 
+500 | +50 | “+50 
+ 210 + 21 - | +a 
a eee ) ae cr — 6 35 
42 
— 29 
ae | +e 1 +a |. TSS 3 mn: 
| +190 [| +44 [| +59 | a 
4 aa ~~ Section 3 
+1000 | +500 [| +50 


i + @ | _ + 210 ey 





6=5+2 iz a + 1370 
=6—%; 4 + 1490 © 














; — 247 — 445 _—3 
+ 753 + 55 + 27 


~ / ae | +265 + 48 
+ 59 
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Fig. 9—Frame example 2 


For each section the column bending moments and the shearing forces for profile 
II are about one-half of those for profile I. The footing bending moments are 
nearly the same for the two profiles, but the thrusts of profile II are again about 
one-half those of profile I. 


Haunched girder (Example 2) 


Fig. 9 shows the frame with a full, parabolically haunched girder. The shape 
of the girder has been chosen to give the same quantity of concrete as the straight 
girder of Example 1. Two cross sections are considered (Fig. 10), each with two 
tendon profiles. The results are given in Tables 5, 6, 7, and 8. 

Although tendon profile II requires more prestressing force than profile I, the 
maximum column bending moments and the shearing forces for profile II are 
only about one-third those for profile I. The footing bending moment is slightly 


2.9" 
g" | 
aol 
A 
‘ " =o 
L2'-0 | ° 


SEC. | SEC.2 


Fig. 10—Cross sections at center span—Example 2 
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TABLE 5—FRAME CHARACTERISTICS TABLE 7—PRESTRESSING FORCES 
Example 2 Example 2 
Unit Section | Section Unit Section Section 
- 1 2 
“—_n | © | «<a 

ft | ek | Bee 

cuft | 47 #=| 416 — 

cuft | 4.7 416 #4F | kip | 1430 985 


ss ~ cp Be 
at | owe — | 0.35 0.325 


0.46 0.44 


894 650 


“a 06 6|lC a . AORSELS Re 
— ; a ae ip | 0.63F 0.99F 
TABLE 6—LOADS , | to | seee 760 
Example 2 : 
“Unit | Section | Section © . | i 1260 
4 2 <2 
M,, | ft-kip | 2900 | 2295 | ce a 
M,, | ft-kip| 1000 | 1000 a “ 


M, | ip | 3900 | acd | e¢ | | 28 


less than that of profile I, and the horizontal thrust is one-third that of profile I. 

Table 9 gives a comparison between the straight and the haunched girders for 
the solid and for the hollow box cross sections. In every respect the haunched 
girder is less desirable. In fact, from the stress analysis it is evident that for tendon 
profile II, the haunched girder compressive stresses increase 64 percent above the 
straight girder values, and are well above normal allowable stresses. 


SUMMARY 


Three important variables in the design of prestressed concrete building frames 
have been discussed. The action of each variable on the effectiveness of the fram« 


TABLE 8—COLUMN AND FOOTING FORCES 


Example 2 
Profile I T.7 7 Profile II 
~~ Column moments Thrust, ) ~ Column “moments 
Top Bottom _ | Top 30ttom 
x. Section os 
= DL | +105 2=|)~2CU + 782 + 1565 + 782 


2= LL + 540 ime | +m | + oO | -+3270 


Moment, 
ft-kips 


2 = F(shorten) -— 2 45 | —-23 | 385 | — 740 
=F(bending) |} O ie | —i0 | - = 600 
§5=1+3++4 “+ 1345 +357 | - - | — 1 | —68 
. + 1885 ‘ar. --| +e CO + 420 | 
+1005 | +800 | a 


Section : 
+ 638 


27 


- 499 
0 

=<" _ 
L 417 


} ~3) Go| Ol) me! Co! bo 
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TABLE 9—COMPARISON OF 
GIRDER OF CONSTANT DEPTH 
AND GIRDER WITH PARABOLIC 

HAUNCH 


j|Example 1 | Example 2 

Constant | Parabolic | Percent 

} depth haunch | difference 
} section section 


Cross Section 1—Rectangular 
Profile I __ a 
“Ft, kips | 974 1000 
“ftrr, psi. | — 1350*- ~ — 1875 
“for? : psi ae “. a si 0 
Profile II 
F’u, kips 1380 1740 
“ftrr, psi — 1930 — 3180 
fort, psi —-_— | 0. 


Cross Section 2—Symmetric: 


Profile I i 

“F'1, k'ps 719 760 

“ftrr, psi. | — 1565 | — 2220 

forr, psi | 0 0 

Profile I1 

F’u, kips 1010 1260 25 
ftrr, psi | —2250 | — 3680 + 64 
“for, psi i 0 0 0 


*Negative sign indicates compressive stress. 


in carrying its load with minimum concrete and prestressing steel has been con- 
sidered. The following points summarize the results of this discussion and will 
give the designer criteria for choosing an efficient framing system before he begins 
the frame analysis. It should be emphasized that this discussion has been limited 
to girders loaded with static loads. For such structures as bridges where moving 
loads are important, the above observations may require modifications. 


Tendon profile 


1. The minimum amount of prestressing force will be required in a girder 
where the tendon profile causes no rotation over the column (tendon profile 1). 

2. The prestressing force required increases where column rotation occurs. If 
the tendon profile produces a bending moment line of the same shape but opposite 
sign as the applied load (tendon profile II), then the column rotation is also 
opposite from that produced by the applied load. In this way, prestressing sets 
up a system of forces throughout the entire frame, including footings, exactly 
opposite from that due to the applied load. Therefore, in structures where column 
and footing forces are apt to be large, the use of more prestressing steel in the 
girder may justify itself by reducing materials in the supporting members. 

3. Usually, to obtain tendon profile I, two points of tendon counterflexure and 
three tendon curvatures are required. This will cause higher friction losses in 


the prestressing force and more difficulty in placing and prestressing the steel. 
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Girder cross section 


1. In frarnes where the prestressed girder acts mainly as a simple beam an 
moments over the columns are small at the time of prestressing, a T-section 
usually the most effective. 

2. Where the negative moment over the columns becomes large, a T-beam wi 
be overstressed near the supports and a symmetrical section is more practical. 

3. A symmetrical cross section is most effective when the web thickness is min 
mum. This must be limited by diagonal tension, buckling, and steel protection. 

4. For any given web, the symmetrical section has one flange thickness whic! 
gives a minimum prestressing force. Again, there is a practical minimum dete: 
mined by compressive stresses, buckling safety, lateral stability, and ultimat 
breaking strength. 

5. A solid cross section is not effective for prestressed frame girders. It has 
been included here to show quantitatively the penalties involved in its use so 
that the designer can weigh these against such advantages as simpler formwork 
and easier concrete placement. 


Girder profile 


1. Where the prestressing force is constant over the entire length of the girder, 
haunching the girder is not effective in that it requires more prestressing steel 
for the same volume of concrete than does the girder of constant depth. 

2. In a haunched girder there is also the danger of over compression in th 


smallest section due to initial prestressing. 
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Cross sectional constants: 
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NOTATION 


area of entire concrete 


section 
center of 
tire conc 
center of 
area 


gravity of en- 
rete section 
gravity of steel 


total depth of section 


width 
section 


distance of bottom fiber 


to c.g.c. 


of rectangular 


Loads: 


eccentricity of c.g.s. with 


regard to 


c.g.c. 


moment of inertia of en- 


tire conc 
about c.g 
minimum 
distance 


rete section 
.c. at section of 
depth 


of center of 


gravity bottom flange to 


bottom fi 


ber 


free span of beam 
height of column 
density of concrete 


any area of 


added to 


concrete 
a cross section 


below its c.g.c., in ad- 


dition to 


its web 


shortening of girder 
h minus depth of flanges 
b minus width of web or 


walls 
h,,/h 
b,,/b 
1 — « 
1 — ep 


section modulus 


modulus 
concrete 


Frame symbols: 


ratio of 
to simple 
at center 


a — 


of elasticity of 


Stresses: 


frame moment 
beam moment 
of span 


carry-over factor 
stiffness factor 

ratio of increased depth 
at haunch to minimum 
depth of girder 
distribution factors 
girder and column, 
spectively 


of 
re- 


effective prestress force 
after deduction of all 
losses 

bending moments at 
points O, L, and X along 
the girder, respectively 
bending moments due to 
dead load and live load, 
respectively 

bending moment at cen- 
ter of the frame girder 
bending moment over 
support the frame 
girder 

simple beam bending 
moment at center of 
span 

bending moment due to 
shortening of the girder 


in 


fixed end moment 
change in additional 
(superimposed) dead 
load per unit length ap- 
plied when the prestress 
has been _ established 
plus distributed live load 
per unit length 


stresses at bottom (top) 
fiber due to effective pre- 
stressing F and _ total 
load (M,,, M,,) 


Li 


For such discussion of this paper as may develop please see 
Part 2, December 1956 Journal. In Proceedings V. 52 discussion 
immediately follows the June 1956 Journal pages. 











Title No. 52-63 


Autogenous Healing of Cement Paste* 


By KENNETH R. LAUER}+ and 


SYNOPSIS 


It is a recognized fact that cracks in concrete sometimes become 
“healed.” This paper reports a study of the nature of the healing 
action, and of the increases in tensile strength measured perpendicular 
to the plane of the crack. Study was made of effects on healing of time 
of healing, conditions of curing, additions of lime and of fly ash, and 
cycles of wetting and drying. 

The healing action is caused by formation of crystals of calcium 
carbonate and calcium hydroxide in the cracks. Healing can increase 
tensile strength from 0 psi to 25 percent of normal tensile strength. 
It occurs far more rapidly under water than in air. Additions of lime 
and fly ash have little effect. 


INTRODUCTION 


The purpose of this investigation was to determine the nature, extent, and 
resulting tensile strength of autogenous healing in cement pastes. The term “au- 
togenous healing” is applied to the ability of cement paste and concrete to ce- 
ment together cracks occurring in the parent material. 


Scope 


The fact that concrete has this inherent ability to heal cracks has been known 
for some time. This action has practical value in several applications, as pointed 
out by Turner’? — namely, the increase in strength of partially set concrete re- 
mixed with water; repair of precast units cracked during early handling; sealing 
against corrosion and re-knitting of cracks developed in concrete piles during 
their handling and driving; sealing of cracks in concrete water tanks; and the 
regain, after loss, of strength of “green” concrete disturbed by vibrations. 

The effect of this action in concrete cracked by disintegration has received 
little attention. Whitehurst’* reports an increase in the dynamic modulus of field 
structures during the wet spring, following a winter of freezing and thawing. 
This indicates at least some improvement in the strength properties of the con- 
crete. 

If the mechanism of the action is understood, and means can be found for ac- 


*Received by the Institute June 3, 1955. Title No. 52-63 is a part of copyrighted JOURNAL OF 
THE AMERICAN CONCRETE INSTITUTE, V. 27, No. 10, June 1956, Proceedings V. 52. Separate prints 
are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not 
later than Sept. 1, 1956. Address 18263 W. McNichols Rd., Detroit 19, Mich 

tMember American Concrete Institute, Assistant Professor of Civil Engineeri 
State College, Bozeman, Mont. (formerly graduate student at Cornell Univers 

tMember American Concrete Institute, Associate Professor of Engineering 
Cornell University, Ithaca, N. Y. 
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celerating it, a great stride will have been made in effectively retarding the 1 
of the disintegration of concrete; this disintegration is one of the major proble: 
of the concrete field, particularly in freeze-thaw climates. 


Approach used 


The chemical nature of the bonding material was ascertained by analysis; t! 
extent and physical nature, by use of the petrographic microscope. The for: 
structure, and distribution of the bonding material was observed on _ heal 
surfaces, both by polished sections and thin sections. 

Several series of tension briquet tests were made to evaluate the effects of suc! 
factors as curing conditions, cement content, age, and admixtures on the strengt! 
developed by autogenous healing. The halves of each broken briquet were held 
together by a rubber band and a new tensile test was made after healing. 

Tension tests, rather than the compression tests usually used in this type of 
study, were used because there is no evidence to indicate that healing in com 
pressive fractures differs from that in tension breaks. In addition, the variables 
of shattering, crack size, mechanical strength, and complex stress patterns, in 
herent in compression tests, were avoided. 

The effect of autogenous healing on the properties of concrete subjected to 
cycles of freezing and thawing was not investigated; however, this effect may 
be most important, and it should be evaluated in future studies. 


Review of literature 


In this country first notice was given to autogenous healing by Abrams” in 
1913. Abrams suggested that the healed strength is caused by the retarded or 
interrupted hydraulicity of the cement. Loving,* on inspection of concrete pipe 
culverts in 1936, found many healed cracks filled with calcium carbonate. He 
reports this action was discovered by the French Academy of Science in 1836 to 
be the conversion of calcium hydroxide exuded from the hydrated cement and 
converted to calcium carbonate on exposure to the atmosphere. Subsequent re- 
search, particularly by Gilkey,® covered only the effect of this action on the 
compressive and tensile strength of specimens. Similar tests were carried out 
in Europe by such investigators as Turner,’* Brandeis,‘ and Sorker and 
Desov."' In each case the nature of the phenomenon was assumed to be that of 
continued hydration. In a discussion of Gilkey’s paper,® Bogue concluded that 
the healing action represented continued hydration, supplemented by physical 
stresses, which aid the formation of precipitated bonds between severed grains. 
These compounds formed were presumed to be identical with those formed dur- 
ing the course of normal hydration. 


EXPERIMENTAL WORK 
Materials 


A Type I portland cement was used throughout the investigation. The average 
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hemical analysis was: 
Lime (CaO) .............. 64 percent Magnesia (MgO) ee 2.5 percent 
Silica (SiO,) ........ ... 22 percent Sulfuric anhydride (SO,) 1.5 percent 
Alumina (A1,O,) ... 6 percent Ignition loss .. 1.3 percent 
Ferric oxide (Fe,O,) 2.5 percent Insoluble residue ... .. 0.2 percent 

The estimated mineral composition for the above analysis was: 
Tricalcium aluminate Tetracalcium alumino ferrite 

(3CaO - Al,O,) 11.6 percent 
Tricalcium silicate 

(3Ca0O - SiO.) 42.9 percent 
Dicalcium silicate 

(2CaO - SiO,) 30.4 percent CaSO, ... .. 2 to 4 percent 


(4CaO * Al.O, * Fe,O,) .. 8.2 percent 


MgoO .. , ; 2.5 percent 


The tricalcium silicate (3CaO-SiO2) on hydrating will liberate about 10 per- 
cent calcium oxide (CaO) by weight of the cement hydrated. 

Hydrated lime was used as the calcium hydroxide addition in one phase of 
the study. The average chemical composition was: CaO—72 to 74 percent, 
H.O—23 to 24 percent, and MgO—05 to 255 percent. 

The fly ash used had a chemical composition as follows: 

Silica (SiO,) 43.72 percent Sulfur trioxide (SO,) .. 0.76 percent 
Alumina (AI1,O,) ........ 22.22 percent Loss on ignition ....... 4.34 percent 
Iron oxide (Fe,O,) ...... 22.87 percent Exchangeable alkalies .. 1.19 percent 
Lime (CaO) 2.89 percent Undetermined 0.87 percent 
Magnesia (MgO) 1.14 percent 


Laboratory procedure and data 


Laboratory work was divided into two main parts: (a) briquet tests to evaluate 
quantitatively some of the factors controlling the tensile strength resulting from 
autogenous healing (proportions used are indicated by the water-cement ratio) ; 
and (b) petrographic and chemical tests to evaluate qualitatively the nature and 
semi-quantitatively the extent of the healing action. 

Strength tests—The cement paste briquets were made in standard tension 
briquet molds. In each case, the complete series of specimens was made from the 
same batch of paste. Each specimen was rodded before being troweled to a plane 
surface. 


The testing program was designed to evaluate healing up to the age of 90 


days. The customary test ages of 1, 7, 28, and 90 days were used. Several 
specimens were tested at each age to evaluate the strength resulting from the 
preceding healing period. 

From three series of exploratory tests, analyses of the bonding material showed 
it to be almost pure crystals of calcium carbonate and calcium hydroxide. On the 
assumption that the crystals were formed by carbonation of calcium hydroxide, 
released during hydration of tricalcium silicate, three new series of tests were 
run. These three series were identical, except for an addition of 10 percent lime 
by weight of cement in the second, and 15 percent fly ash in the third. This was 
done to determine the effects of excess lime, and of the presence of a material (re- 
active silica) which would reduce the concentration of lime. Series 4, 5, and 6 
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were divided into two parts, one being subjected to water curing and the ot} 
to an atmosphere of 95 percent relative humidity, to evaluate the presence 
water as a liquid and as a vapor on the healing action. Each series was test 
as follows: 

1-day tests: 

initial 1-day break (normal tension test) 
7-day tests: 
initial 7-day break 
1-day break—7-day re-break 
28-day tests: 
initial 28-day break 
1-day break—28-day re-break 
7-day break—28-day re-break 
1-day break—7-day re-break—-28-day re-re-break 
90-day tests: 
initial 90-day break 
1-day break—90-day re-break 
7-day break—90-day re-break 
28-day break—-90-day re-break 
1-day break—7-day re-break—90-day re-re-break 
1-day break—-28-day re-break—90-day re-re-break 
7-day break—28-day re-break—90-day re-re-break 
1-day break—-7-day re-break—-28-day re-re-break—90-day 
re-re-re-break 

For example, the breaking of a specimen at 7 days, after 6 days of healing 
from the initial 1-day break, is called: “1-day break—7-day re-break.” A third 
break at 28 days is shown by an additional “re-,” making it a “l-day break— 
7-day re-break—28-day re-re-break.” 

Series 7 was designed to evaluate the need of moisture*in preserving the 
strength developed during healing. After the allotted period of healing, the 
specimens were dried for 4 days in laboratory air prior to testing. Another group 
of specimens was used to evaluate the effect of reimmersion. Series 8 was carried 
out to check possible healing in laboratory air. This series was also utilized to 
measure the effect of delayed healing after the initial break. Series 9 measured the 
effect of air drying and reimmersion on healing strength. 

All specimens were kept at a temperature of 70 F. Specimens requiring mor 
than a 25-lb breaking load were tested with a Tinius-Olsen automatic testing 
machine; the weaker ones were tested manually by means of a spring balance and 
two specimen grips. 

Exploratory tests, series 1, 2, and 3, gave the same trend of results in healing 
as series 4, 5, and 6; therefore, the first three series are not reported except for 


effects of different water-cement ratios on healing strength as shown in Fig. 3. 
Mechanism of healing—The first phase of this part of the investigation re 
quired identification of the cementing material. The material was carefully col 
lected from the healed surfaces of previously broken and healed specimens and 
subjected to chemical and petrographic aralysis. 
After identification of the cementing material as crystalline material, the size, 
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Fig. 1—Photomicrograph 
of broken face of a 
heeled briquet showing 
crystals (white) on sur- 
face. W/C = 0.40, initial 
breck at 1 day, with 
healing under water for 
89 days 


arrangement, distribution, and orientation of these crystals were studied. This 
was done to evaluate, if possible, the effect of these factors on the strength en 
suing from the healing action. 


The analysis was carried out by microscopy. Microscopic examination of the 


faces of rebroken, healed cracks gave information with regard to the size of 


the crystals, their shape and orientation, and area covered. Examination of 
petrographic cross sections (polished and thin), perpendicular to the healed 
cracks, also aided in discerning the physical nature of the bond. The healed sur 
faces of the concrete beams were also examined, and the bonding material 
compared to that in the briquet fractures. 

Several photomicrographs (Fig. 1 and 2) show the presence and charac 
teristics of the crystals. 


DISCUSSION 
Strength tests 


One of the most important conclusions to be drawn from the healing strength 
results (Tables 1-8) is the need for water as the curing medium to obtain 
maximum healing strength. Specimens healed in an atmosphere of 95 percent 
relative humidity developed, at most, only 25 percent of the strength developed 
by healing under water. Up to the age of 90 days, little or no healing occurred 
in laboratory air. In general, the results obtained in a relative humidity of 95 
percent were much more erratic, within a given healing period, than those 
of specimens healed in water. 

Additions of lime and fly ash (containing reactive silica) were made to the 
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Fig. 2—Photomicrograpi: 
of thin section of healed 
crack in cement paste, 
using crossed nicols, and 
showing crystals of cal- 
cium carbonate in crack. 
Ww /C = 0.40, initial break 
at 7 days, with healing 
under water for 21 days. 
Each of the three large 
white areas represents 
an imperfect calcium car- 
bonate crystal, as shown 
by rotation under polar- 
ized light 


cement paste in Series 5 and 6 to determine the effect of the increased con 
centration of excess lime and of a reduced concentration of lime available for 
carbonation. Results (Tables 2-5) indicate a slight detrimental effect from both 
admixtures. In general, addition of lime lowered the strengths more than the 
addition of fly ash for 1-day breaks, with subsequent healing in water. This 


TABLE 1-—-HEALING STRENGTHS DEVELOPED DURING DIFFERENT TIME 
INTERVALS AND CONDITIONS 
Series 4: Cement paste—W/C — 0.40 





Te ees Cured in 95 percent 
Age at test Cured under water relative humidity 


si | 8, psi | p 
Mi ie { T 1.00 
|} 0.40 
0.40 
0.20 
0.60 
0.30 
0.30 
0.10 
1.00 
0.20 
0.40 
10 0.12 
10 | 0.90 
10 0.05 
9 | 1.00 
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90-day re-re-break 
28-day re-break 
90-day re-re-break 
90-day re-break 
7-day test 
28-day re-break 
90-day re-re-break 
90-day re-break 
28-day test 
90-day re-break | 
90-day test | 556.0 
NOTE: 
X = arithmetic mean 
nm = number of specimens 
8 = standard deviation (when n was less than 25, (mn —1) was used) 
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p= relative frequency, the ratio of the number of observations falling within the limit 
of + 15 percent of the average to the total number of observations. 
All specimens were used in compiling these data. 
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TABLE 2—HEALING STRENGTHS DEVELOPED DURING DIFFERENT TIME 
INTERVALS AND CONDITIONS* 


Series 5: Cement paste—W/C — 0.49 + 10 percent lime 


Cured in 95 percent 
Age at test Cured under water relative humidity 


| 8, 


_ 


si p 
| 1.00 
1.00 

0.80 

1.00 

0.80 

0.45 

0.78 

0.45 

1.00 


1-day test 
7-day re-break 
28-day re-re-break 
90-day re-re-re-break 
90-day re-re-break 
28-day re-break 
90-day re-re-break 
90-day re-break 
7-day test 
28-day re-break 0 80 
90-day re-re-break 0.70 
90-day re-break 5: : 0.60 
28-day test 5s : 1.00 
90-day re-break 38 2 3.8 0 80 
©0-day test : 37.6 | 1.00 
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en) © 


*See note under Table 1. 


trend was reversed for the 7- and 28-day breaks. For specimens healed in a 
relative humidity of 95 percent, no definite trend was indicated. 

The gain in strength resulting from autogenous healing in water is not 
linear with time but of a parabolic nature. The gain in strength from 1 to 7 
days (a 6-day healing period, starting from a 1-day break and ending at 7 
days) is approximately equal to that of from 7 to 28 days (a 21-day healing 
period, starting from a 7-day break and ending at 28 days), and 28 to 90 days 
(a 62-day healing period, starting from a 28-day break and ending at 90 days). 
This relationship for healing in 95 percent relative humidity is more nearly 
linear in nature, indicating that possibly the action, though slower, would 
continue over a greater length of time. For early (1- and 7-day) breaks healed 


TABLE 3—HEALING STRENGTHS DEVELOPED DURING DIFFERENT TIME 
INTERVALS AND CONDITIONS* 


Series 6: Cement paste—W/C 0.40 ~ 15 percent fiy ash 


Cured in 95 percent 

at test Cured under water relative humidity 

X, psi 8. psi y Ss , , psi 
} 103.5 
-day re-break 35.0 
28-day re-re-break 37.0 
90-day re-re-re-break 14.0 
90-day re-re-break 45.0 
28-day re-break 76.0 
90-day re-re-break 15.3 
S0-day re-break 101.5 
7-day test 496.0 
28-day re-break 35 ¢ 
90-day re-re-break 22 0 
£0-day re-break 47 5 
28-day test £60 0 
$0-day re-break 25.6 
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90-day test 563 0 
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See uote under Table 1 
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TABLE 4—SUMMARY OF HEALING STRENGTHS DEVELOPED DURING 
DIFFERENT TIME INTERVALS 


Cured in water 


“ol Series 5 Series 6 
Series 4 |W /C = 0.40 + 10 percent |W /C = 0.40 + 15 per 
Ace at test. W /C = 0.40 } lime | fly ash 
strength, recovery, | strength, recovery, | strength, | recovery 
percent percent percent percent percent percent 
89.7 10.3 _ 6h 6.5 93.0 | 7.0 
93.2 6.8 y 3.0 93.4 
93. 6: 97 5 2.5 
87 13 


920 8.0 
81 18 5 
: 6 
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5—SUMMARY OF HEALING STRENGTHS DEVELOPED DURING 
DIFFERENT TIME INTERVALS 


Cured in 95 percent relative humidity 
: - | Series 5 j Series 6 
Series 4 |W /C = 0.40 + 10 percent|W /C = 0.40 + 15 percent 
Age at test, W/C = 0.40 lime fly ash 
days Loss in | Strength ! Loss in Strength | Loss in Strength 
strength, recovery, | strength, | recovery, | strength, | recovery, 
percent | percent percent | percent L percent | percent 
995 | £05 i a l & = ae 3 
-28 99.4 | 0.6 98 : 98.4 6 
-28-90 99 3 98 ¢ 98.4 
-90 96.9 97 2 97.8 
28 98. 99.0 : 98.5 
1-28-90 | 98 98.8 2 | 98.3 
1-90 | 96.5 97.4 2.6 | 94.9 
7-28 98 98 8 es |: 99.8 
7-28-90 } 98 2 98.9 | 99.0 
7-90 96.0 98.9 ‘ 98.2 | 
28-90 99.8 99.4 | 6 99.2 | 
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TABLE 6—HEALING STRENGTHS DEVELOPED IN LABORATORY AIR AND 
COMPARISON OF STRENGTHS OBTAINED BY IMMEDIATE HEALING IN 
WATER AND DELAYED HEALING IN WATER AFTER EXPOSURE TO 

LABORATORY AIR* 
Series 7: Cement paste—W/C — 0.40 
Age at test and healing conditions | y 3 psi n 

1-7 in water 

1-90 in air, 90-97 in water 

7-90 in air, 90-97 in water 

28-90 in air, 90-97 in water 

90-97 in water 


a2 


COI) OM WC! Were! * 


p 
1 00 
0 34 
0.50 
0 80 
0.56 
0 80 
0 60 
1 00 
0.20 
1.00 
0.50 
070 


7-28 in water 

1-7 in air, 7-28 in water 
7 

1 


Se Kp 


90 in water 
7 in air, 7-90 in water 


i 


~ 


28-90 in water 
1-28 in air, 28-90 in water 
7-28 in air, 28-90 in water 


— 
bo Ow 


*In every case at every age, zero healed strengths were developed by healing in laboratory 
air. Also see note under Table 1. 
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TABLE 7—EFFECT OF AIR DRYING ON HEALED STRENGTH DEVELOPED 
UNDER WATER* 
Series 8: Cement paste—W/C — 0.40 


> at test and healing conditions greed psi 
7 in water 34 0 
7 in water, 7-11 in air 

28 in water 

28 in water, 28-32 in air 

90 in water 100 0 
90 in water, 90-94 in air 247 
28 in water 370 
28 in water, 28-32 in air 0.4 
90 in water 706 
90 in water, 90-94 in air 48 
28-90 in water _ | 380 
28-90 in water, 90-94 in air 12 


aa eR Ree 


*See note under Table 1. 


under water, the greatest part of the potential healed strength is probably 
developed during the first 90 days. 

The results of series 4 check closely with the published results of Turner’ 
(Table 9). 

Since there is only a slight increase in the tensile strength of cement paste 
from the age of 3 months to 6 months, the only significant difference between 
the results of Turner and series 4 would be the effect of three additional months 
of healing. This effect-is apparently not appreciable and indicates the asymptotic 
nature of the healing curve at later ages. 

Fig. 3 shows an increase in healing with higher water-cement ratios. It is 
important to note that this effect becomes less pronounced as the initial break 
occurs at later ages. Results seem to indicate that for initial breaking ages of 
28 days and more, water-cement ratio has little or no effect on the magnitude 
of the subsequent healing. A partial explanation of this is the nature of the 
fracture at early ages. This applies particularly to the 1-day break, where the 
fracture is extremely irregular, possibly giving an appreciably greater surface 
area for healing. 

The effect of intermittent healing was investigated to a limited extent. This 
type of healing condition is of practical importance because it is the one most 
likely to occur in practice. Analysis of the data given in Tables 4, 5, and 6 


TABLE 8—EFFECT OF AIR DRYING AND REIMMERSION 
ON HEALING STRENGTH 
Series 9: Cement paste—W/C — 0.40 


| 1-90 day | - , F i 
| 1-90 day| healing | 1-90 day healing + 5-day drying 
1-day| healing,| + 5-day | and reimmersion for 1-126 day | 90-day re-break 


test re- drying i Se | 3- 7- | 3l- healing 126-day re 

break | re-break day |day| day ay lay re-break re-break 

i — s + ¢ £f 1,81 aR | 

302 | 57 5 | f 8 

73 6 3 | 10 
6 | 11 

10 2 
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TABLE 9—HEALING STRENGTH AS PERCENTAGE OF NORMAL 
TENSILE STRENGTH CURED UNDER WATER 


Turner Series 4 








Healed strength, Healed strength, 

Age broken, percentage of Age broken, percentage of 
days normal 6-month days normal 3-month 

strength strength 


1 20.0 1 25.0 
7 8.0 7 14.3 
28 7.2 28 7.5 














gives some idea of the expected effect of drying and reimmersion on healed 
strengths. For 1-day initial breaks with subsequent healing in water, the effect 
of air drying after the healing period is to reduce a 1- to 7-day healed strength 
some 89 percent, and to reduce a 1- to 90-day healed strength about 75 percent, 
as compared to the strength developed by healing under water. The effect 
is even greater for initial breaks at later ages, being in the order of 95 percent. 
The repair of this damage by reimmersion is not rapid; however, it is greater 
than initial healing at that age. The tests were not extensive enough to ascertain 
whether or not a complete recovery is possible. The effect of delayed healing 
seems more varied and, generally, disadvantageous. For 6 days of healing in 
water, pre-drying in air after the initial break results in a much smaller healing 
strength than that obtained with no pre-drying. This reduction in strength varies 
from 87 percent for 89 days pre-drying following a 1-day break, to 57 percent 
for 7 days healing in water following the 90-day break of an air-cured specimen. 
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Fig. 3—Plot of ratio of healing to normal strength versus water-cement 
ratio 
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The effect of the later initial breaking age could be expected to reduce the 
potential healing strength. The above analysis, though based on incomplete 
tests, indicates that cycles of drying and reimmersion will be severe, causing 
marked reductions in the healed strengths. 


Mechanism of healing 


The identity of the bonding material was determined by petrographic analysis, 
which included observations of crystal angles, extinction, birefringence and 
other optical properties, as well as by chemical reactions carried out on the 
microscope slide. The analyses showed the bonding material to be essentially 
100 percent calcium carbonate and calcium hydroxide crystals. No amorphous 
hydrated products of cement were found. Magnesium carbonate, magnesium 
hydroxide, sodium carbonate, and potassium carbonate are present only in trace 
amounts, or not at all. 

The hypothesis of the formation of the calcium carbonate crystals is that 
the free calcium oxide in the cement, and the calcium hydroxide liberated by 
the hydration of the tricalcium silicate of the cement, is carbonated by the carbon 
dioxide in the surrounding air and water. The carbon dioxide reacts with a 
solution of calcium hydroxide on the surfaces of the cracks. As the concentration 
of calcium hydroxide is reduced at the surfaces, more will migrate from the 
interior of the paste. Likewise, as the concentration of the soluble carbonates 
and bicarbonates (furnishing the carbon dioxide) is reduced in the crack, more 


will diffuse in from the water phase. Calcium carbonate crystals precipitate 
and grow out from the surfaces of the cracks. The rate of diffusion of the 


carbonates is much greater into the crack than into the solid, relatively nonporous 
paste; therefore, the calcium carbonate crystals accumulate in the crack and on 
the exposed surfaces of the specimen. The strength developed may be caused 
by the mechanical interpenetration of the crystals and the surface of the paste, 
by the interlacing of crystals, by their twinning, and by the establishment of 
polar and Van der Waal forces between the crystals and the surfaces of the 
paste and aggregate. 

The availability of calcium hydroxide for centers of crystallization and of 
carbon dioxide for carbonation must control the resulting crystal growth. Water 
will provide a much higher concentration of carbon dioxide, both as a dissolved 
gas and as a bicarbonate solution, than an atmosphere of 95 percent relative 
humidity, where the amount of available carbon dioxide will be limited to that 
dissolved in surface films of water. In the case of laboratory air, the concentra 
tion of carbon dioxide will be even lower. In addition, the soluble calcium 
hydroxide in the paste can migrate much more readily if appreciable liquid 
water is present. These considerations probably account to a large extent for 
the greater healing strength of specimens healed in water. 

In an effort to ascertain the physical nature and extent of the healing action, 
as well as to explain the effects of admixtures, the size and orientation 


of crystals and the percentage of area covered by the crystals were determined 
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TABLE 10—EXAMINATION OF THIN SECTIONS OF HEALED CEMENT PAST: 


Study of cross section of healed cracks 
w/c = 0.40; cured under water; 100 


Percent cross Position of crystals 
in cracks (long axis 

omic parallel, perpendicular, | Remarks 
Short or random with respect | 


| 
i—~ 
| 


Healing sectional Average size of 
time area filled crystals, microns 
with CaCOs | Long 
| axis to direction of crack) | 
| 30 Mostly random | Small crystals at edge of 
| j}erack. Very few bridgé« 
cracks 


crystals axis 


1-7 day 5-10 60 


1-28 day | 5 Mostly parallel Several areas of complet 
| | bridging. Masses of bladed 
and platelike crystals at 
these areas 
1-90 day | H | Mostly parallel | Several areas of complet: 
| bridging. Masses of bladed 
jand platelike crystals at 
these areas 
7-28 day | | | Random and parallel Small crystals at edge of 
|cracks. No bridging 
Small crystals at edges of 
cracks. A few large bladed 
crystals parallel and 
| bridging crack 
28-90 day| |” Random and parallel |Small crystals at edge of 
jcrack and several large 
| |\bladed crystals parallel 
‘and bridging crack 


7-90 day | 5. | Random and parallel 


with a petrographic microscope (Tables 10 and 11). There seems to be a direct 
correlation between the percentage of the suvface area of the crack faces covered 
with crystals and the ensuing healing strength (Table 8). Examination of the 
thin sections also indicated that, in general, the strength developed is directly 
related to the area of complete bridging of a crack and the percentage of crack 
filled with crystals (Table 7). Examination of faces of brokei healed specimens 
indicated that the length of healing time has little effect on the maximum size 
of crystals developed during healing under water. The percentage of the avea 
of healed surface covered with average size crystals does, however, increase 
with healing time. Examination of thin sections of intact, healed cracks in 
dicated that greater healing time provides larger crystals, as well as a greater 
percentage filling of the crack. The discrepancy may be caused by damage 
during the breaking process of the broken healed specimens. 

Examination of polished sections gave little additional information, except 
for confirming the presence of crystalline material in the crack. 

There is an outstanding difference in the type and size of crystal developed 
with water healing and with healing in an atmosphere of 95 percent relative 
humidity. Water healing produced large transparent platelike crystals. In the 
case of an atmosphere of 95 percent relative humidity, spherical clusters of 
minute hexagonal crystals were formed. 

Loving” reported the presence of calcium carbonate in cracks in the concrete. 
All other previous investigators of autogenous healing who have mentioned 
the mechanism of healing, have stated or assumed that the healing action is 
caused by continuation of interrupted hydration of cement particles. They have 
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TABLE 11—EXAMINATION OF HEALED SURFACES* OF CEMENT PASTE 
Series 4, 5, 6: W/C = 0.40; 100 


| Percent surface area covered with 
Healing time! crystals Crystal size, microns 
Series 4 Series 5 Series 6 Series 4 Series 5 Series 6 
Cured under water? 
| 500 max 500 max | 500 max 
320 avg 260 avg 160 avg 
} (60 percent) | (50 percent) | (70 percent) 
1-90 days | 90-100 90-100 80-100 30 min 30 min 30 min 
; : 500 max 500 max 500 max 
320 avg 160 avg 260 avg 
| (50 percent) | (40 percent) | (50 percent) 
7-90 days | 50-60 50-60 50-60 30 min 30 min 40 min 
500 max 500 max 500 max 
260 avg 260 avg 160 avg 
| (90 percent) | (80 percent) | (50 percent) 
28-90 days | 30-40 30-40 10-20 30 min 30 min 40 min 
Cured in 95 percent relative humidity? 
60-80t 60-80 50-80 80 max 
has 100 has 100 has 80-90 60 avg 
percent percent percent 30-40 30-40 (50 percent) 
1-90 days coverage coverage coverage (100 percent) | (100 percent) 40 min 
40-50% | 40-50t 20-40% 
has 100 has 100 has 80-90 
| percent percent percent 30-40 30-40 30-40 
7-90 days coverage coverage coverage (100 percent) | (100 percent) | (100 percent) 
20-30% ~ 20-30t l 20-302 
has 100 has 100 has varied 
percent percent coverage 30-40 30-40 30-40 
28-90 days | coverage | coverage (100 percent) | (100 percent) |(100 percent) 
*Healed specimens were broken at original crack and examined perpendicular to the broken 
face. 
tFor specimens cured under water, the crystals were primarily platelike, transparent or 
milky, and with random orientation. For those cured in 95 percent relative humidity, small 
hexagonal crystals were arranged in spherical clusters 
tUneven coverage. These surfaces contained regions with no crystals 


further stated or implied that cement gel is deposited in the cracks to form 
bridges. In the present study, no evidence of hydrated cement gel bridging 
a crack was found by use of thin sections and a petrographic microscope. On 
the other hand, positive evidence was found of calcium carbonate crystals bridg 
ing the cracks. 


CONCLUSIONS 


The following conclusions are based on the results of laboratory tests. 

1. The bonding material formed during autogenous healing of cement 
pastes and concrete was found to be essentially 100 percent calcium carbonate 
and calcium hydroxide crystals. No amorphous hydrated products of cement 
were found to be present. Magnesium carbonate, magnesium hydroxide, and the 
alkali carbonates are present only in trace amounts, or not at all. It is likely 
that under some conditions, calcium hydroxide will be found in the healing 
material. 

2. A direct correlation was found between the healing strength developed 
and the percentage of surface area of crack face covered with crystals. Nearly 
100 percent coverage was found for 89 days healing under water, following 
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a 1-day initial break. Greater length of healing time increased the average siz 
of crystals formed and the percentage of surface area covered by crystals. 
3. Presence of water was found to be essential for development of a maximum 


bond. As much as 25 percent of the normal 90-day strength was developed by 


healing in water for 89 days, following a 1-day initial break. Healing in an 
atmosphere of 95 percent relative humidity gave healing strengths as much as 
85 percent lower than those obtained by healing under water. For periods of 
healing up to 90 days, little or no healing strength was developed in laboratory 
air. 

4. Tests indicate that the effect of cement content is negligible, if the 
healing takes place at later ages. For early (1- and 7-day) breaks, the higher 
the water-cement ratio, the greater the resulting healed strength. 

5. Addition of lime and fly ash as admixtures was found to have a slight 
detrimental effect on the subsequent healing strength in water. In an atmosphere 
of 95 percent relative humidity, no definite trend was found. 

6. On the basis of limited tests, the effect of a cycle of drying and reimmersion 
was found to be severe, reducing the strength developed by a marked degree. 

7. Delayed healing (first in air, then in water) gave various strengths, de 
pending on the length of delay, age of break, and length of healing period. 
It was generally harmful as compared to healing only under water. 

8. Drying of the specimen after it was healed under water reduced the 
strength markedly. Further study of this vital point is needed. It indicates 
that reliable healing will occur only with concrete that is continuously damp. 
Presumably shrinkage of the concrete on drying breaks the weak healed bond. 
The stronger healed specimens show less damage (percentage-wise) than the 
weaker ones on drying. 

9. Healing throughout a summer, following a winter’s cycles of freezing 
and thawing, may appreciably increase the strength of concrete, resulting in 
much different values if the tests are made in the spring as compared to the fall. 
This important point should be checked. 
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SYNOPSIS 


The general theory of thin translational shells was developed by 
Piicher and Fliigge. In the present paper the finite difference approach 
of Piicher is applied to the analysis of translational shells generated 
by arcs of circles. Formulas are obtained for the analysis of rectang- 
ular shells and are applied numerically to a square shell. Tests to 
destruction were conducted in Piacenza, Italy, on a 30 x 45-ft shell of 
this type. Tests of this reinforced concrete and tile shell proved the 
complete validity of the assumptions and of the results of this analysis. 


INTRODUCTION 


Thin shells of reinforced concrete are gaining popularity in the United States 
and have been used extensively in Europe for the last 40 years. Spherical domes, 
cylindrical barrels, and hyperbolic paraboloids are the forms most commonly en 
countered, but translational shells are coming into extensive use because of their 
suitability to cover rectangular areas and their relatively simple formwork. 

A translational surface is usually generated by a vertical curve which slides on 
another vertical curve (Fig. 1). Therefore, the vertical sections of a translational 
shell are all identical and this explains the simplicity of their formwork. Arcs of 
circles are well adapted to form translational shells, since circular arches are easy 
to map and circular formwork easy to build. 

The following analysis is based on the general thin shell theory of Piicher'-” 
and allows the numerical evaluation of membrane stresses in translational shells 
of the circular type, supported around their boundary by rigid arches or dia 
phragms. Membrane stresses are obtained to any degree of accuracy by a process 
of finite differences and are representative of the state of stress all over the shell, 
with the exception of limited areas in the neighborhood of the shell boundary. 
The tests described in the last part of this paper prove that the “boundary dis 
turbances” are actually limited to a small shell area. The numerical calculations 
necessary to obtain practically acceptable approximations of the stress values by th: 
methods here suggested are simple and not time consuming. Hence, the methods 
may be of value to the designing engineer. 
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—FIXED VERTICAL CURVE Fig. 1—Translational 


surface 


~~ MOVING CURVE 


DIFFERENTIAL GEOMETRY OF CIRCULAR TRANSLATIONAL SHELLS 


The shell surface is represented by the function z = z(x,y) and is referred to a 
sct of cartesian orthogonal axes with origin at the top of the shell, z-axis positiy 
down, and x- and y-axes parallel, respectively, to the sides L and / of the rectangu 
lar area covered by the shell (Fig. 2). 

An elementary shell area of sides ds: and ds2 (Fig. 3) is cut out of the shell by 
planes parallel to the xz- and yz-planes so as to be projected on the ry-plane into 
2 rectangle of sides dx and dy. The slope of the side ds: and dsz is tan ¢ and tan§, 
respectively. The lengths of the sides of the shell element are thus ds: = dx/cos 
and ds: = dy/cos 4, Let a be the angle between the sides ds: and dsz. It is easy to 
prove that: 

tang@=2, ; tang=2 
cos ¢ = 1/(1 + 2,7)'"; cos 6=1/(1 + 
cos a = 2,2,/(1 + 2,*)'* (1 + 2,*)'" 


MEMBRANE EQUILIBRIUM 
Let (Fig. 3): 


N. = force per unit of length, parallel to the xz-plane, acting on the element 
ds, (positive if tensile) 


0 a hs 


Vp 


Fig. 2—Coordinate sys- 
: tem andrectangular 


y area covered by shell 

















TRANSLATIONAL SHELLS 


Fig. 3—Internal stresses 

on shell elements and 

their components in the 
xy-plane 





force per unit of length, parallel to the yz-plane, acting on the element 
ds, (positive if tensile) 
force per unit of length, parallel to the »2-plane, acting on the element 
ds,, and, also, the force per unit of length, parallel to the yz-plane, act- 
ing on the element ds, 
component of N, in the xy-plane 

= component of N, in the xy-plane 
component of T in the xy-plane 

- uniform load per unit area of the xy-plane 


It must be noticed that the Nz, Ny, and T stresses are not pure normal and tan- 
gential stresses, since the shell element is rhombic and not rectangular. 
The stress components in the xy-plane are related to the stresses by the follow- 
ing equations: 
m = N, cos ¢/cos 6 a aed a" (5) 
n = N, cos 6/cos ¢ ae or (6) 
[ ay . swiss Tr rres (7) 
Taking components along the three cartesian axes of the load and of the inter- 
nal stresses we obtain the following three differential equations of equilibrium: 
he ee Be Dn Sees ee - (8) 


% +-+§ & = 0 , i (9) 


(m tan ¢), + (nm tan @), + (ft tan ¢), + (ttané),-+ q 0 ; (10) 
where ( Je and ( )y stand for 0/0, and ¢/¢y, respectively, in accordance 
with Eq. (4). 

A solution of these three differential equations gives m, n, and ¢ and hence, 
through Eq. (5), (6), and (7), Nz, Nv, and T. The corresponding membrane 
stresses in the shell are obtained by division of these forces per unit of length by 
the shell thickness, which is assumed constant. 

The thin shell will be assumed supported on its boundary by arches which, 


although so stiff in their own vertical planes as not to permit any shell displace- 
ments in these planes, are so flexible out of their own planes as not to react in a 
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horizontal direction. Hence the boundary conditions associated with the differen 
tial equations of equilibrium are: 
m=O forx=—+L/2 ; n = 0 for y = +1/2 wrrceert rey ae 


THE AIRY FUNCTION 


The equations of equilibrium Eq. (8) and (9) are identically satisfied if m,n, 
and ¢ are the following second derivatives of an Airy function F(x,y): 
Cut. +: Oe, t= —F,, own Mo 
Substitution of the values of m, n, and t from Eqs. (12) into Eqs. (10) and (11) 
gives: 
BF ity — 2 Fiz + 
FP, =°9% atz= 


F,, — 0 aty = 


Eqs. (14) prove that along the boundary F is a linear function of x or y. Since 
the evaluation of the stresses only requires the computation of the second deri- 
vatives of F, we may assume F to be identically zero along the boundary and 
hence write the boundary conditions in the form: 

F=Oatza=+L/2,andacy=+1/% 


GEOMETRY OF CIRCULAR TRANSLATIONAL SHELLS 


The surface generated by a circle of radius a which, while remaining parallel to 


the xz-plane, slides along a circle of radius 4 in the plane yz, has the equation: 


~ 


2-a+0— ya’ — ze Vu ites y* 
Letting: 
“u-— v/a ; = 


Eq. (1) to (4) give for this particular surface: 


tan ¢ = wu, af an uw ; tang= v/v ar Sa 
cos ¢ = V1 — wu? ; 


cos ¢/cos @ = \/ (1 — uw?) / (1 — v*) ; ¢= u 





cos ¢@/cos ¢ = V/ (1 — v*) / (1 — ww) ; sing = v 


= l/a(l — «*)** 
= 1/b(1 — vs 
= 0 
Noticing that by Eqs. (17): 
F., = (1/a*) Fy. ; Fy, = (1/0) F., 3 Fa» = (1/ab) F,, ......... (23) 
and substituting Eqs. (22) in Eq. (13), we obtain the differential equation of 


equilibrium for circular translational shells in the form: 
F,,/ba*(1 — v*) ** 4 F,,/ab*(1 —u*)** — —@q 
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or, introducing the ratio of radii: 


in the form: 
rF’./(1 — v*)**? + rF,,/(1 — «*)** = —qa (26) 


Once F(uwv) has been evaluated, the stresses are obtained by the following 
equations which are derived by means of Eq. (23), (20), (5), (6), and (7): 
m (rja}* Fe. | & = (Tfa),. 3: t (r/a*) F 


(27) 


N, (cos @/cos ¢) m= V/(1 v*) (1 u*) (r/a)*F,, 
N, = (cos ¢/cos 9) n= V/(1 — u*) / (1 — v*) (1/a)*F,, 


T—t = —(r/a2) F,, 


The stresses acting on an element in the direction ¥ (Fig. 4) are given by: 


(sina) N, = N, sin? y + 2T siny sin(a4+y) + N, sin® (a 4 yw) } 
t i ‘if , ! : (29) 
(sina) T, = N, siny cosy 4+ T sin (a+ y) N,sin (a + y) cos (a 
The principal values of N, are defined by the equation: 
tan 2y = (2T sin a + N, sin 2 a) /(N, + 2T cosa +N, cos2a) .. (30) 


The evaluation of principal stresses is often unnecessary in the case of flat 
domes, since it is known beforehand that the principal directions coincide with 
the x and y directions at the top of the shell and with the bisectors of the cartesian 
axes at the corners. 


FINITE DIFFERENCE EXPRESSIONS 


An approximate solution of Eq. (26) is carried out by substituting finite differ- 
ence expressions for the derivatives of F. To this purpose, the sides L and / of 
the rectangle in the xy-plane are divided into N equal parts of lengths L/N and 
1/N, letting: 

h=LsaN ; kK=IUbN = (r/R) h Teer e Tee e. 
where: 
a = bnée ieee See 








Fig. 4—Internal stresses 
in v direction 
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0. Fig. 5—Labeling of pivo- 
al points 























V 


The nodal points of the rectangular mesh of sides A and & thus obtained are 
labeled as in Fig. 5. The second derivatives of F are then approximated by means 
of the following expressions, containing the values of F at the nodal points of the 
mesh (pivotal values) :* 

F,, = (1/h®) (F,—2F,+F,) ; F.,. = (R/rh)? (F, — 2F, + F,) | 
F,, = (R/4rh*) (F,, — Pas — Fo, + Poi) [ 


(33) 


These expressions have errors which approach zero as rapidly as A’. * 

Substitution of Eqs. (33) in Eq. (26) gives: 

r‘F, -2F,+ F,)/(1 v,2)34#+ R*(F, 2F, 
(34) 

Application of Eq. (34) at all internal nodal points, remembering that F = () 
on the boundary, gives as many linear algebraic equations as there are unknown 
pivotal values of F. The solution of these equations gives the pivotal values of 
F, in terms of which the stresses become, by Eqs. (33) and (28): 


N,=VJ/(1 — 07) G u,*) (R/ah)? (F, 2F, + F,) 


N, = V1 — u,”)/(1 *) (1/ah)? (F, — 2F, + F,) . 


=— (R/4a*h*?) (F,, — Fe; — Fs, + Fs) 


The accuracy of the stress values improves.as A and k decrease, that is, as the 
number of linear equations in the pivotal values of F increases. Fig. 6 gives the 
coefh-ients of F at the points a, b, 1, r, and 7, of the mesh, and reduces the writ 
ing of the linear equations to a purely mechanical process. 

Noticing finally that the constants of Eq. (34) are all equal to —ga*h’, it is 
convenient to set: 


fi 


to solve Eq. (34) with constants all equal to 1, and to multiply the fi values thus 
computed by —qa*h* to obtain the Fi. 


EVALUATION OF T ON THE BOUNDARY 


The last of Eqs. (35) cannot give the value of T on the boundary, since it re 
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Fig. 6—Operator for circular shells 


quires a knowledge of F at pivotal points outside the rectangle of sides L and 1. 
This difficulty is easily overcome at all points on the boundary except at the cor- 
ners. 
Since Nz = 0 along the sides « & L/2, by Eqs. (27) and (28) Fer must also be 
zero along these sides. Hence, along this part of the boundary Eq. (26) becomes: 
Poe = —(1 — v*)** qat/r (2 SL/2) . (37) 
or, by Eq. (33): 
F, 2F,+ F, (1 v*) ** ga*2/r 


But along the boundary Fi = 0 and hence: 
Fi+F, (1 v,7)** qa*h?/r (x — +L/2) (38) 


Eq. (38) defines F, in terms of F: for 4 + [./2, since Fi is known there, and 
F; in terms of F, for x = — L/2, since F, is known there. 

Similarly the equation defining Fa in terms of Fy or Fy in terms of Fa along 
y=2+1/2 is: 

F,+ F, (1 u,7)3"? ga*h?/R* (y = t/2) (38a) 

At the corners, by assumption, Nz = Ny = 0 and Eq. (26) cannot be satisfied. 
In other words at the corners the load q is not equilibrated by the stresses N and 
the membrane stress T becomes theoretically infinite. 

A plausible value of T at the corners may be easily obtained by means of the 
equilibrium equation in the vertical direction of the whole shell. To this purpose, 
the z-component of the resultant of the T stresses on the boundary is computed 
by numerical integration (Simpson's rule), considering the corner values of T as 
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unknown quantities. Equating this component to the total load Q acting on th 
shell, an equation is obtained which defines the values of T at the corners. 

It must finally be noted that the corner value of T depends essentially on th 
rigidity at the haunches of the supporting arches. Since at the corners the arches 


support each other normally to their own planes, in practice it is not rigorously 


true that Nz and Ny are equal to zero at the corners. For example, in the case of a 
square shell, since by symmetry Fux = Fov at the corners, Eq. (26) with r = 1 be 
comes: 

Po. = Fae = —(1 — o*)*? gat/2 
and hence Eqs. (28) become with ¢ = 8: 

N, = N, = —(1 — u*)** qa/2 (at the corners) i lie ain Wie S ss, ae 
Noticing that at the corners of a square shell Nz = m, by Eq. (8) the jump in the 
value of Nz = m from zero to the value given by Eq. (39) implies an equal and 
opposite jump AT in the value of T. Hence the value of T at the corner is the 
value given by the the equation for the total equilibrium of the shell in the z 
direction increased by: 

AT = +(1 — u*)** qa/2 .. eee ee (40) 
Similar corrections for the case of rectangular shells may be evaluated by distrib 
uting the load qg at the corners between Ne and Ny in proportion to the relative 
rigidity in a direction normal to their own planes of the arches meeting there. 

Since AT is positive when T is negative and vice versa, the values of T com 
puted from the equation of equilibrium in the z direction of the whole shell is an 
upper bound to the actual value of T. 

From a practical viewpoint the rigidity of the arches in a horizontal direction 
decreases from the haunches towards the top. Hence, the discontinuous value of T 
at the corners may be connected with the continuous distribution of T along the 
boundary by means of a straight line which extends up to the point where the 
arches are known to be incapable of reacting horizontally (Fig. 7). 

This solution for T at the corners is of sufficient accuracy for practical purposes, 
but it must not be forgotten that a rigorous solution of the corner problem can 
not be obtained without taking into account the bending resistance of the shell. 


NUMERICAL EXAMPLE OF SQUARE SHELL 


To illustrate the theory of the preceding sections the membrane stresses due to 
a uniform load were computed in a square shell with the following characteristics: 
R= L/l = 1; r = a/b =1; L/2a = sin 30° = 1/2; L=a; and L/f = 1/ (1 — cos 
30°) = 7.46, where f is the rise of the supporting arches. 

Dividing the sides L into N: = four equal parts, there are only three pivotal 
values fi to be computed, due to the symmetry of the shell and the load about the 
medians and the diagonals of the square. The pivotal values of fi at the points of 
the grid shown in Fig. 8 are: fo = — 1.0827; f: = — 0.8327; fe = — 0.6433; fa = fr 
= fe = 0; fr = 1.8327; and fer = 1.5510. Values of fi’ and fe are obtained by Eq. 
(38). 
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Fig. 7—Shear distribution on shell boundary 


Table 1 gives values of Nz, Ny, and T at the pivotal points of Fig. 8, obtained by 
means of the above given values of fi. T- was calculated by means of the equation 
for the total equilibrium of the shell in the vertical direction, which gives Te/ga 

— 1.6672 and by subtraction of the corner jump of Eq. (40), which gives AT.-/ga 
= 0.3248. 

Table 2 gives the analogous results for a subdivision of the sides L into Nz = 
six equal parts. The pivotal points are labeled as in Fig. 9. Values of fi outside the 
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Fig. 8—Pivotal points for 
N — four subdivisions 
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TABLE 1—VALUES AT 
PIVOTAL POINTS SHOWN IN FIG. 8 
(N, = 4) 

- Point , Ne/qa rq 

0.5 
0.3912 
0.4539 


ies Ny/qa | pa, T/qa 
; —05 | 0.0000 
yg 0.5642 0.0000 
| 0.4539 — 0.2707 
| 
| 


0.0000 0.8660 | 0.0000 
0 0000 0 8120 | 0.6664 
00000 | 0 0000 1 3424 


square of sides L are: fz: = 2.4509; far = 2.2695; fs» = 1.6640; and fe = 0. 

A knowledge of the stress values at any given point, obtained by two different 
subdivisions of the sides into Ni and Ne equal parts, allows the approximat: 
evaluation of the stresses corresponding to a subdivision into an infinite number: 
of parts, that is, to the solution of the differential equations of equilibrium. Indi 
cating by s any of the stresses m, n, or t and by subscripts 1 and 2 the values ob 
tained by Ni and Nz subdivisions, the extrapolation formula for s becomes: * 

8)... = (N2 8, N; 8,) /(N? 


For example, the value of Ny at the quarter-points is equal to — 0.8120 in the N 

= 4 solution and — 0.7987 in the Nz = 6 solution (this last value is ob:ained by 

quadratic interpolation from the values of Ny along the boundary); hence, the 

value of N, for an infinitesimal subdivision of the shell sides is, by Eq. (41): 
Ny] neo = — (36 X 0.7987 — 16 X 0.8120) / (36 — 16) = — 0.7881 


If this value of Ny is assumed to be rigorously correct, the value of Ny obtained 
with Nez = six subdivisions is found to be in error by 1.3 percent. It is thus seen 
that even a modest number of subdivisions gives results acceptable in practice and 
that extrapolations may increase the accuracy of the computations without almost 
any increase in labor. 

An added proof of the accuracy of these results is given by a comparison with 
the results obtained by Fliigge for the same shell from an entirely different differ 
ential equation.* The maximum discrepancy in the stress values occurs at the 
carners and is of the order of 10 percent, and it is not known whether Fligge’s 
results or those of the present analysis are more accurate. 


TABLE 2—VALUES AT PIVOTAL POINTS IN FIG. 9 FOR N. = 6 


“point | f j N:/qa N,/qa T/qa 


7 2.4858 — 0 5000 0.5000 | 0.0000 
2 2358 0.4519 0.5274 0.0000 
1.4509 | 0.2970 0.6279 | 0.0000 
2.0130 — 0.4793 | 0.4793 0.1123 
1.3109 0 3199 | 0.5821 0.2312 
0.8650 - 0.4191 " — 0.4191 0.5033 
0.0000 0.0000 0.8660 0.0000 
0.0000 | 0.0000 — 0.8420 0.2978 
0.0000 0.0000 0.7345 0.8951 
0.0000 0.0000 0.0000 1.5902 
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Fig. 9—Pivotal points for N = six 2 
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STRESSES IN RECTANGULAR SHELLS 


Eq. (31) to (40) were evaluated and the corresponding stresses are given in 
Fig. 10, 11, and 12 in terms of the side ratio R between 1 and 2 for the practically 
important case of equal rises of the arches along the short and the long sides of 


the shell (F = f) and of a rise ratio F/L = 1/10. 


TEST TO DESTRUCTION OF A RECTANGULAR SHELL 


A rectangular shell of hollow tile and reinforced concrete construction was 
built and tested to destruction by Fornaci RDB of Piacenza, Italy, in 1954, prior 
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Fig. 10—N.. stress in rectangular shells 
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Fig. 11—N, stress in rectangular shells 


to the theoretical evaluation of stresses given in this paper. Characteristics of the 
shell were L = 45 ft; / = 30 ft; a = 70 ft; 6 = 33 ft; F/L = 1AN2; and f// = 1/8; 
where F and f are the arch rises on the sides L and /. The shell consisted of arches 
of hollow tiles 8 in. wide and 5 in. deep connected by reinforcing bars 1/10 in. in 
diameter. The tile arches were set one adjoining the other on a wood form and con- 
nected by 1/10-in. bars every 8 in. Concrete was placed on the arches to a thickness 
of 0.8 in., the shell corners were reinforced by diagonal steel bars 0.8 in. in diameter 
and the concrete thickened to a maximum thickness of 5 in. at the corners. The 
boundary arches were 20 in. deep and 10 in. wide with two ties 1 1/4 in. in dia- 
meter. The shell was supported at the four corners on spherical supports, one of 
which was fixed, while the others were movable. 

The supporting arches were concreted first and the shell built after the arches 
were set. It was found that as the load on the scaffolding increased, the arches 
along the long sides were pushed outward by the thrust of the elementary tile 
arches. To prevent this outward displacement the long arches were tied by three 
transverse 1 1/4-in. ties at the middle and the quarter-points. 

The shell was loaded with sacks of sand. Fig. 13 shows some phases of the 
test. Ii is seen that the structure failed because of the failure of one of the arches. 
Failure occurred in the neighborhood of the pe‘nt at which the concrete thickness 
decreased substantially, where the arch shows a large displacement outward due 
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Fig. 12—T stress in rectangular shells 
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Fig. 13—Test shell loaded 
to destruction 


a—General view of shell 


b—Shell loaded to fail- 
ure 


c—Detail of arch failure 


d—Unloaded shell after 
failure 
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Fig. 14—First translational shell of tile and reinforced concrete built 
in La Spezia, Italy, in 1955 


to the renewed thrust of the loosened tile arches. The large crack inside the shell 
was due to the penetration of a wood strut of the scaffolding set under the shell 
for safety purposes. 

An analysis of the behavior of the shell during the lowering of the forms shows 
most dramatically the perfect correspondence between the assumptions of thin 


shell theory and actual behavior. The transverse ties connecting the two longer 


arches were set in tension by the thrust of the elementary tile arches, which ran 
normal to the long sides of the shell. But as soon as the concrete was placed and 
the separate tile arches became part of a monolithic shell structure, the thrusts 
vanished and the ties slackened. The lack of bending stresses in the shell is clearly 
demonstrated by the cracks developed at failure. These cracks appeared simul 
taneously on the upper and lower surfaces of the shell, and are shear cracks at the 
junctures of the shell with the supporting arches. It is quite evident that if th 
arches had been more rigid in their own plane (deeper arches or possibly dia 
phragms) and the shear connection between shell and arches had been stronger, 


the shell structure would have carried a much heavier load. Dead load of the shell 


was 31 psf. Ultimate load on the structure was 180 psf. Total reinforcing steel 
used in the shell amounted to 0.62 psf. 
Fig. 14 illustrates the first application of tile and reinforced concrete construction 


to circular translational shells, based on the stress analysis of the previous sections. 
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The shell covers a car-washing station at La Spezia, Italy, built by the Seces C 
in 1955. The characteristics of the shell are L = 53.5 ft; 7 = 47.0 ft; area = 252 
sq ft; F = f = 5.35 ft; tile thickness = 4 3/4 in.; concrete thickness = 1 1/4 in.; 
arch crosss section at haunches = 26 x 16 in.; and arch cross section at top = 6 x 
16 in. Arch ties are three 1-in. diameter bars. Construction of the shell proper r 
quired 300 man-hours of labor. 


CONCLUSIONS 


The analysis of thin translational shells of the circular type, covering rectangular 
areas, does not present mathematical difficulties. Once tables for the most common 
side and rise ratios are computed, the design of such shells becomes a routine job. 

The aerodynamic form of this type of shell does not produce high lift forces 
and, hence, does not require special care in anchoring the structure. The support- 
ing arches must be carefully designed to withstand temperature stresses, since 
under temperature variations the shell will naturally “breathe.” The inner strength 
of thin shells, due to the possibility of stress redistribution through plastic flow, 
makes it unnecessary in most cases to check stresses due to uneven or concentrated 
loads. If the shell thickness is maintained small, bending stresses in the neighbor 
hood of the boundary will always be small and may be checked, if need be, by 
formulas for cylindrical shells, ignoring the double curvature of translational 
shells. The danger of buckling must be kept in mind if the shell rise is small. 
Formulas for the buckling strength of cylindrical shells may be used, since they 
are on the safe side for shells of double curvature. 

It is hoped that translational shells will be used more extensively in the future 
since they are well adapted to cover either large or small areas. The field of use- 
fulness of shells would thus be greatly increased with both economic and esthetic 
advantages. 
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Title No. 52-65 


Air Entrainment in Mortars* 


By G. M. BRUERE+ 


SYNOPSIS 


The air-entraining capacities of a series of surface-active agents 
were measured in a range of mortars. Results show that the conditions 
of formation of stable air-entrained mortars by means of surface- 
active agents are similar to those in cement and silica pastes 


INTRODUCTION 


The air contents of mortars containing surface-active agents are influenced 
by such factors as cement-aggregate ratio, water-cement ratio, and size grading 
of aggregate. However, the extent to which these factors influence the relative 
air-entraining capacities of surface-active agents in mortars is unknown. 

This investigation determined the effects of cement-aggregate ratio, shape 
and size grading of aggregate, and water-cement ratio on the relative air-en 
training capacities of various surface-active agents in a range of mortars. It also 
determined if the conditions governing air entrainment in pastes, described 


é 


by Bruere,' apply to mortars. 


MATERIALS 


The following surface-active agents were used in this investigation: 

(a) Anionic agents: sodium dodecyl sulfate and sodium abietate 

(b) Cationic agents: hexadecyl trimethyl ammonium bromide and dodecyla- 
mine hydrochloride 

(c) Nonionic agents: “Triton NE”; and “‘Lissapol N 300’'§ 

(d) Saponin 


The purity of the agents was reported previously by Bruere.’ 


A commercial portland cement was used in these experiments, the chemical 
analysis and surface area of which is given in Table 1. 
The following three aggregates were used to make mortars: 
(a) No. 1, a washed, rounded grain quartz sand from Leighton Buzzard 
England. The particle size range was passing 18 BSS mesh retained on 
25 BSS mesh. 
(b) No. 2, a washed quartz sand from Melbourne. The particle size range 
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TABLE 1—PROPERTIES OF CEMENT USED TO MAKE MORTARS 
= ita | Surfac« 

area 
Total | sq cm p2) 
| 


Constituent, percent 


SiO, Fe,O Al,O, | CaO MgO SO alkalies (Wagne: 
a 7 | 


21.86 2.38 5.00 | 63.84 1.18 1.99 1.09 1600 


was passing 18 BSS mesh retained on 100 BSS mesh. The particles of 
this sand were predominately rounded but a small proportion of them 
were elongated and angular. The grading of this aggrega*e is given in 
Table 2. 

No. 3, an angular grain aggregate obtained by crushing quartz and sep- 


9 


arating the fraction which passed 18 BSS mesh and was retained on 25 
BSS mesh. 

Silica powder was prepared by ball milling No. 1 quartz sand until its surfa 
area was approximately equal to that of the cement used in this investigation 
Iron was removed with hydrochloric acid and after washing, the silica was 
dried at 110 C. 

Distilled water was used throughout these experiments and glassware was 
cleaned with a hot mixture of dichromate and sulfuric acid. 


EXPERIMENTAL METHODS 


Measurement of air contents of mortars 


A pressure type air meter with a bowl volume of 250 cc was used to measui 
air contents of mortars. This meter was described previously by Bruere.’ 


Method of mixing mortars 


Aggregate and cement were weighed out and added to a 500-ml wi 
mouth Erlenmeyer flask and mixed dry. A measured volume of water conta 
ing the surface-active agent was added and the mortar mixed with a glass 
stirring rod for 1 min to ensure an even distribution of the mortar ingredien 
The flask was sealed with a rubber stopper and shaken horizontally by hai 
for 2 min. The mortar was then poured into the air meter and its air content 
determined. All tests were done in duplicate at 25 + 2 C. 

The :mounts of the mortar ingredients were adjusted in all cases to prod 
approximately 300 cc of mortar in the mixing flask. 

The reproducibility of the air measurements was satisfactory. All determ 
ations of air contents of mortars fell approximately within 4 percent of 


TABLE 2—SIZE GRADING 
OF AGGREGATE NO 2 
Sieve size (BSS) Percent retained 
“18 0 
25 16.0 
40.8 


29 


Dime 
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‘an. Thus an air content of 15 percent by volume of a mortar would mean 
+ 0.6 percent of air. 


Mortar mixes 


The air-entraining capacities of a series of surface-active agents at varying 
centrations were measured in the following series of mortars: 
(1) Mortars made from cement and aggregate No. 1 with cement-aggregate 
ratios of 1/2, 1/3, 1/4 
(2) Mortars made from cement and aggregate No. 2 with a cement-aggregate 
ratio of 1/3 
(3) Mortars made from cement and aggregate No. 3 with a cement-aggregate 
ratio of 1/3 
(4> Mortars made from finely ground silica and aggregate No. 1 with a 
silica-aggregate ratio of 1/3 
To ensure that the sets of data obtained from the different mortar series 
were reasonably comparable, the water contents of each mortar series were 
adjusted so that plastic mixes were obtained, and control mortars of each 
series, which contained no surface-active additions, had approximately equal 
consistencies. The water contents required to produce different mortars of 
approximately equal consistencies were determined by making trial mortars with 
varying amounts of water and comparing them on the flow table until percent 
flows of 100-120 were obtained. With the water contents of each series of 
mortars fixed, the air-entraining capacities of the surface-active agents were 
measured in the four series of mortars with water-cement ratios constant within 
each series of mortars. 
In this paper the term air-entraining capacity refers to the amount of air 
entrained by an agent above the amount of occluded air occurring in any 


mortar. 
RESULTS AND DISCUSSION 


The air-entraining capacities of a series of surface-active agents in mortars 
with cement-aggregate ratios of 1/2, 1/3, and 1/4 are shown in Fig. 1, 2, and 
3, respectively. 

Comparison of these data shows that the relative air-entraining capacities 
of the agents, expressed as percentages of the air-entraining capacities of sodium 
dodecyl sulfate within each mortar and at equal concentrations, were approxi 
mately constant in the three series of mortars. At agent concentrations below 
0.03 percent by weight of cement some minor variations of this relationship 
occur, notably sodium abietate in the 1/4 mortars. The air-entraining capacities 
of a series of surface-active agents in cement pastes (Bruere,' Fig. 2) were 
studied only over a concentration range of 0-0.045 percent by weight of 
cement. However, within this range of concentration, the relative air-entrain 
ing capacities of surface-active agents are in the same orde: and are approximately 


equal in magnitude to those in the three series of mortars. Therefore the 


relative air-entraining capacities of the various agents in mortars are independ 
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Fig 1—Variations of air-entraining capacities of surface-active agents 
in mortars with cement-aggregate ratios of 2 with varying concen- 
trations of agents 


Aggregate No. 1 passing 18 BSS mesh and retained on 25 BSS mesh, W/C = 0.50 
Surface-active agents: 
(1) Sodium dodecyl! sulfate (5) Triton NE 


(2) Sodium abietate (6) Dodecy!l amine hydrochloride 
(3) Hexadecy! trimethyl ammonium bromide (7) Saponin 
(4) Lissapol N 300 


ent cf cement-aggregate ratios, and must depend on the interactions between 
cement paste and agents as described previously by Bruere.’ 

These conclusions were confirmed by measuring the air-entraining capacities 
of several surface-active agents in mortars made with fine silica in place of cement. 
These results which are illustrated in Fig. 4 should be compared with those given 
for pastes (Bruere,’ Fig. 2 and 3). It is apparent that the air-entraining capacities 
of sodium abietate and dodecylamine hydrochloride in silica mortars are in the 
same relative order as in silica pastes but in inverse order to those in cement 
pastes and cement mortars. Moreover it was shown in the earlier paper that 
calcium hydroxide additions, which promote the adsorption of sodium abietate 
on silica particles and make them hydrophobic, also cause sodium abietate to be- 
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Fig 2—Variations of air-entraining capacities of surface-active agents 
in mortars with cement-aggregate ratios of 1/3 with varying concen- 
trations of agents 


Aggregate No. 1 passing 18 BSS mesh and retained on 25 BSS mesh, W/C 0.67 
Surface-active agents: 

(1) Sodium dodecyl sulfate (5) Triton NE 

(2) Sodium abietate (6) Dodecy! amine hydrochloride 
(3) Hexadecyl trimethyl! ammonium bremide (7) Saponin 

(4) Lissapol N 300 


come an efficient air-entraining agent in silica pastes. Fig. 4 shows that calcium 
hydroxide additions similarly cause sodium abietate to become an efficient air 
entraining agent in silica mortars. Thus, relative air-entraining capacities of sur 
face-active agents in mortars can be altered at will by changing the paste material 
or the interactions between surface-active agents and the paste. 

Fig. 5 and 6 show the effects on air-entraining ca>acities of surface-active 
agents when an angular aggregate (No. 3) and a fine aggregate (No. 2), re 
spectively, are incorporated in mortars with cement-aggregate ratios of 1/3. 

A comparison of Fig. 2 and 5 shows that sodium dodecyl sulfate, hexadecy] 
trimethyl ammonium bromide, and Triton NE all entrain greater amounts of 
air in mortars containing angular aggregate than in those containing rounded 
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Fig 3—Variations of air-entraining capacities of surface active agents 
in mortars with cement-aggregate ratios of 1/4 with varying concen- 
trations of agents 


Aggregate No. 1 passing 18 BSS mesh and retained on 25 BSS mesh, W/C 0.88 
Surface-active agents: 

(1) Sodium dodecyl! sulfate (5) Triton NE 

(2) Sodium abietate (6) Dodecy! amine hydrochloride 
(3) Hexadecyl trimethyl! ammonium bromide (7) Saponin 

(4) Lissapol N 300 


grain aggregate. The relative air-entraining capacities of hexadecyl trimethy 
ammonium bromide and Triton NE, expressed as percentages of the air-entrail 
ing capacities of sodium dodecyl sulfate within the same mortar, are in the san 

qualitative order but are greater in magnitude in mortars containing angu! 

aggregate than in those containing rounded grain aggregate. In addition, th 
air-entrained angular aggregate mortars containing Triton NE were more stab 
than the corresponding rounded grain aggregate mortars. These observatio 

suggest that the relative air-entraining capacities of surface-active agents in angul. 
aggregate mortars are controlled primarily by the interactions between paste an 
agents. However the shape of the aggregate particles exerts a number of secon 
ary effects such as increased efficiency of mixing and improved retention of a’ 
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Fig. 4—Variations of air-entrain- 
ing capacities of surface-active 
agents in silica mortars with 
silica-aggregate ratios of 1/3 with 
varying concentrations of agents 


Aggregate No. 1 passing 18 BSS mesh and 
retained on 25 BSS mesh, W/S — 0.67 

Surface-active agents: 

(1) Sodium abietate 

(2) Sodium abietate + calcium hydroxide 

(3) Dodecy! amine hydrochloride 

(4) Saponin 


Fig. 5—Variations of air-cntrain- 
ing capacities of surface-active 
agents in mortars containing ang- 
ular aggregate with varying con- 
centrations of agents 


Aggregate No. 3 passing 18 BSS mesh and 
retained on 25 BSS mesh, W/C — 0.90, 
cement-aggregate ratio — 1/3 

Surface-active agents: 

(1) Sodium dodecyl sulfate 

(2) Hexadecyl trimethy! ammonium bro- 

mide 

(3) Triton NE 


Fig. 6—Variations of air-entrain- 
ing capacities of surface-active 
agents in mortars containing fine 
aggregate with varying concen- 
trations of agents 


Aggregate No. 2 passing 18 BSS mesh and 
retained on 100 BSS mesh, W/C — 0.77, 
cement-aggregate ratio — 1/3 

Surface-active agents: 

(1) Sodium dodecyl sulfate 

(2) Hexadecyl trimethyl ammonium bromic 

(3) Triton NE 

(4) Saponin 
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bubbles by mechanical locking of bubbles in the small cells of paste in the inte: 
stices of the aggregate particles. 

When Fig. 2 and 6 are compared it can be shown that relative air-entraining 
capacities of surface-active agents in mortars are independent of size grading of 
aggregate. 

Mortars with cement-aggregate ratios of 1/3 were used to study the effects of 
varying water-cement ratios on the relative air-entraining capacities of surface 
active agents. The mortars were made with three different water-cement ratios. 
When W/C = 0.53 the mortars were plastic and gave flows equal to 40 percent 
on the flow table, at W/C = 0.67 they gave flows equal to 110-120 percent, 
while at W/C = 0.80 they were fluid. Fig. 7 shows the air-entraining capacities 
of three agents at W/C = 0.53 and 0.80. The air-entraining capacities of the 
three agents at W/C = 0.67 can be found in Fig. 2. A comparison of these 
data shows that the relative air-entraining capacities of the agents, expressed as 
percentages of the air-entraining capacities of sodium dodecyl sulfate within 
each mortar and at equal concentrations, are approximately constant over the 
range of water-cement ratios studied. Hence relative air-entraining capacities 
of agents in mortars are not influenced by the plasticity of the mortars or by 
the initial volume of naturally occurring voids in mortars. 

In this investigation air-entrained mortars ae described as stable when the 
bubbles show little tendency to escape from, or to segregate in the upper layers 
of mortars on standing. The agents sodium dodecyl sulfate, sodium abietate, 
and hexadecyl trimethyl ammonium bromid: which produce stable air-entrained 
cement pastes by means of bubble attachment to hydrophobic cement particles, 
also produced stable air-entrained cement mortars. Similarly, agents such as 
dodecy!amine hydrochloride produced both stable silica pastes and silica mortars. 
Lissapol N 300 and Triton NE, which do not render cement particles hydro- 
phobic, entrained appreciable amounts of air in some cement mortars when 
present in concentrations greater than 0.10 percent by weight of cement, but such 
mortars were unstable. A high proportion of their bubbles were relatively large 
and escaped from the mortars on standing. Thus the conditions governing 
stabilities of air-entrained mortars are the same as those governing the stabilities 
of air-entrained pastes. 

Evidence was produced earlier by Bruere' which suggested that saponin en- 
trained air in cement and silica pastes by virtue of its ability to produce very fine 
bubbles and not by interaction with the paste. Results given in Fig. 1, 2, 3, and 
4 show that saponin is a highly efficient air-entraining agent in mortars con 
taining either cement or silica paste, and its action is independent of cement- 
aggregate ratio. Hence the air-entraining mechanism of saponin must be the 
same in pastes and mortars. Saponin mortars were apparently stable. However 
observation revealed that bubble segregation occurred within cells of paste 
between aggregate particles, and that the stabilities of the mortars decreased as 
the water-cement ratios were increased. It was also observed that air-entrained 
saponin mortars were more stable than air-entrained saponin pastes. Hence it 
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Fig 7—Effect of varying water-cement ratios on air-entraining capacities 
of surface-active agents in mortars 
Aggregate No. 1 passing 18 BSS mesh and retained on 25 BSS mesh, cement-aggregate 
ratio = 1/3 
Surface-active agents: (2) Saponin 
(1) Sodium dodecyl! sulfate (3) Triton NE 
is reasonable to assume that saponin mortars are stable primarily because of the 
small size of the entrained bubbles and their consequent slow rate of escape, 
which is affected in turn by mortar consistency and the presence of aggregate. 
It can be seen from this discussion that the relative air-entraining capacities of 
surface-active agents in pastes are indicative of their relative air-entraining capaci- 
ties in plastic mortars of all types. Consequently the conditions governing the 
formation of stable air-entrained pastes by means of surface-active agents must 
apply to the formation of stable air-entrained mortars. 
An investigation is in progress to determine if the conditions of formation 
of stable air-entrained pastes and mortars apply to concretes. 
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CONCLUSIONS 


The relative air-entraining capacities of a series of surface-active agents in 
plastic cement mortars are (a) independent of cement-aggregate ratios, siz 
gradings of aggregates, and water-cement ratios, and (b) dependent to a 
small extent on the shape of the aggregate particles. 

Studies of mortars made with fine silica in place of cement showed that the 
relative air-entraining capacities of surface-active agents are dependent on 
the paste material and the interactions between the agents and the paste. 
Sodium dodecyl sulfate, sodium abietate, and hexadecyl trimethyl ammo 
nium bromide produced stable air-entrained cement mortars whose stability 
depended on the attachment of air bubbles to hydrophobic cement particles. 
Saponin entrained air in mortars, as in cement and silica pastes, by virtue 
of its ability to form ultra fine bubbles. This agent produced moderately 
stable mortars whose stabilities were influenced by the presence of aggregate 
and mortar consistencies. 

Conditions governing the formation of stable, air-entrained mortars by 
means of surface-active agents are similar to those demonstrated for pastes. 
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CURRENT REVIEWS 


of Significant Contributions in 


Construction 


New type chapel rises on Guam 
A. R. Turski, Civil Engineer Corps Bulletin 
U. S. Navy, V. 10, No. 4, Apr. 1956, pp. 4-8 
Describes design and construction of 
modernistic chapel on Guam, including 
the erection stages and procedures in 
assembling the two-piece precast con- 
crete arches, precast roof slabs, and pre- 
cast wall panels. Basic structural design 
is a three-hinged A-shaped arch frame 
with an over-all height of 47 ft at the 
crown and a 39-ft span. The entire struc- 
ture is designed for earthquake forces. 
One basic form was used for precasting 
the arch frames. A monolithic effect was 
secured structurally by use of grouted 
joints to form a continuous structure. 


Mass production housing job relies 


on available materials 
C. G. Lans, Contractors and Engineers, V. 53, 
No. 2, Feb. 1956, pp. 54-55 


Describes a demonstration housing 
project sponsored by the American-Kor- 
ean Foundation, National Assn. of Home 
Builders, and Webb and Knapp, Inc. 
The homes are designed to use stand- 
ardized sections and native materials 
as much as possible so as to keep the 
price under $1500. Prestressed beams 
and concrete filler block are used for 
floors and ceilings. The prestressed 
beams are inverted T’s, pre-tensioned 
and cast in the long line system. Heat- 
ing will be radiant hot air in the floor. 


A part of copyrighted JouRNAL OF THE AMERICAN CONCRETE INSTITUTE, V. 27, 


Foreign and Domestic Publications 


Production and placing of large 
quantities of concrete in airport 
construction (Herstrellung und Ein- 
bau grosser Betonmengen bei Flug- 
platzbauten) 
Emm Wipsrett, Beton- und Stahlbetonbau 
(Berlin), V. 51, No. 1, Jan. 1956, pp. 1-12 
Reviewed by VALpIS LaPsINsS 

Deals with two general items of dis- 
cussion: production and placing of con- 
crete on six different airport construc- 
tion projects. Both subjects are treated 
separately in all six instances. 

A complete picture is given on the lo- 
cal arrangement of the mixing plants as 
set up on basis of availability of aggre- 
gates in each area. Most plants propor- 
tioned aggregates by volume, others by 
weight. Those using volumetric measure- 
ments and modern equipment produced 
same quality concrete as the ones pro- 
portioning aggregates by weight. Meth- 
ods of placing concrete in each of the six 
cases are presented in the latter portion 
of the article. 


Architectural construction 
THEopoRE CRANE, John Wiley & Sons, Inc., 
New York, 2nd Edition, 1956, 432 pp., $10 
Discusses the choice of structural de- 
sign. Presents a procedure for determin- 
ing the type of build ng frame, founda- 
tion, floor, roof, and wall construction 
most suitable to meet the requirements 
for any particular structure. The text is 
written for students in architecture, ar- 
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chitectural engineering, and building 
construction, and for practicing archi- 
tects and architectural engineers pre- 
senting a comprehensive resumé of the 
principal types of construction now 
available in the U. S. market with rec- 
ommendations concerning their specific 
applications. The book opens with a dis- 
cussion of the latest codes affecting 
building design, followed by a discussion 
on the selection of a framing material, 
planning the framing, floor system, roof 
system, walls, and foundations. A special 
chapter is devoted to wide span designs. 
The book is up to date in its treatment 
of concrete and reinforced concrete. Ade- 
quate discussions are included on pre- 
casting for frames and wall panels, the 
use of various types of thin shells for 
wide span roofs, the variety of architect- 
ural concrete applications and recom- 
mendations for architectural concrete, 
and a good discussion on concrete ma- 
sonry, particularly as to the prevention 
of shrinkage cracking. This book in the 
library of any architectural or engineer- 
ing firm will be a definite asset to the 
management. 


Folded plate roof spans big bays 


Engineering News-Record, V. 
Apr. 19, 1956, pp. 51-54 

The 4 in. thick folded plate cencrete 
roof for a bakery in Los Angeles spans 
52 x 60-ft panels. It consists of seven 
barrels 52 ft wide and 170 ft long total. 
Large openings for skylights are pro- 
vided. The roof is supported on end bear- 
ing walls and interior columns. The use 
of folded plate construction, lightweight 
aggregate, and prestressing resulted in 
a cost in place for the structure of only 
$1.50 per sq ft. 


156, No. 16, 


Use of Gunite as a structural ma- 
terial: A survey of developments, 
1930-1955 


T. WuitLtey Moran, The Structural Engineer 
(London), V. 34, No. 2, Feb. 1956, pp. 37-55 

Reviewed by C. P. Siess 

Comprehensive review of the structur- 

al use of shotcrete for (a) the compre- 

hensive reconditioning of reinforced con- 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


June 19 


crete structures and (b) the strengthen 
ing of structures which have partiall: 
failed. Applications are illustrated by nu 
merous case histories and photographs 
Appendixes treat durability of  rein- 
forced concrete structures and the repair 
of reinforced concrete structures. 


Shelter for a coal loading and grind- 
ing installation (Cubierta para una 
instalacion de carga y molienda de 
carbon) 

Riccarpo Moranpi, Informes de la Construc- 
cion (Madrid), V. 8, No. 77, Jan. 1956, Art 
831-10, 4 pp. 

Brief description of an unusual one- 
bent rigid frame structure with a canti- 
lever at each side sheltering elevating 
conveyor and unloading station for the 
coal handling system for the steam 
power plant at Civitavecchia, Italy. Gen- 
eral disposition of , reinforcement is 
shown and some design information is 
given. 


Exterior masonry construction 
Wa ter C. Voss, Bulletin No. 324, National 
Lime Assn., 1956, 70 pp. 

Presents the considerations involved 
in the design and construction of good 
watertight masonry. Includes a discus- 
sion of factors affecting masonry per- 
formance, i.e., materials, design and 
details, and construction practices. De- 
scribes and illustrates preferred prac- 
tices in both design and construction. 
The text, of course, deals entirely with 
mortar in which one of the constituents 
is lime. 


Arch dams: their philosophy 
ANDRE CoYNE, Proceedings, ASCE, V. 82, PO2, 
Paper No. 959, Apr. 1956, 17 pp. 

Reviews the history of the develop- 
ment of arch dams, discusses the mech- 
anism, the evolution of basic criteria, 
the evolution of shapes, and the econom- 
ics of arch dams. Various considerations 
involved in different methods of analysis 
for arch dams are presented, as well as 
an evaluation of the future prospects of 
development in this field. 
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Trial load studies for Hungry Horse 


Dam 
R. E. Guover and M. D. Copen, Proceedings, 
ASCE, V. 82, PO2, Paper No. 960, Apr. 1956, 
27 pp. 

A brief history of the development of 
the trial load method of stress analysis 
for arch dams. The application of these 
procedures to the design of the Hungry 
Horse Dam are illustrated in detail. 


Design 


Analysis of collar slabs for shells of 
revolution 
G. Oravas, Proceedings, ASCE, V. 82, No. ST 
2, Mar. 1956, pp. 916-1 to 916-14 

Presents a method of successive ap- 
proximations for the analysis of ro- 
tationally symmetrical collar slabs. The 
term “collar slabs” refers to a horizontal 
slab, ring-shaped in plan, surrounding 
a spherical dome. The treatment is theo- 
retical but uses values applicable to 
reinforced concrete as it has been i:- 
tended for application in this field. 


Arching action theory of masonry 
walls 
E. L, McDowe.., K. E. McKee, and E. Sgvin, 
Proceedings, ASCE, V. 82, No. ST 2, Mar. 
1956, pp. 915-1 to 915-17 

Proposes an arch action theory for 
masonry walls, restrained between rigid 
supports, as a means of explaining and 
predicting the resistance to lateral 
forces. The results are found to com- 
pare reasonably well with test data 
available to the authors on brick beams. 
Essentially, the analysis resembles that 
of a three-hinged arch. 


Considerations in design of rein- 
forced concrete columns supporting 
crane girders and precast con- 


crete roof trusses (in Rumanian) 
N. Lasz._o, Industria Constructilor si a Ma- 


terialelor de Constructit 
No. 1, Jan. 1955, pp. 44-49 
Reviewed by J. J. PoLivKa 


(Bucharest), V. 6, 


Three design schemes of precast con- 
crete columns in multiple-bay buildings 
are investigated structurally and their 
costs compared: (1) columns restrained 
in the footings and free at the tops, 
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permitting elastic swaying; (2) columns 
restrained in the footings and hinged at 
the tops, whereby the swaying is elimi- 
nated by lateral rigidity of the roof 
structure; (3) columns rigidly restrained 
at both ends. The results pertaining to 
economy are based on structural analysis 
and design of a four-bay industrial build- 
ing with 60-ft spans (bowstring trusse3), 
30-ft columns carrying crane girders of 
the same span. 

Rigid connections between precast 
members are described and illustrated. 
It is concluded that rigid connections be- 
tween columns and trusses reduce bend- 
ing moments in the upper slender part 
of the columns 5-10 percent, and in the 
lower heavier part (under the crane 
brackets) 25-30 percent. The economy 
consists primarily in considerable saving 
in reinforcement. 


Design of sea dikes (in Dutch) 

A. N. DEKKER, Polytechnisch Tijdschrift 
(The Hague), V. 11, No. 1-2, Jan. 5, 1956, pp 
6b-11b 


Reviewed by JoHN B. SNETHLAGE 


This is part II of a discussion regard- 
ing the design of sea-dikes (Part I—V. 
10, No. 51-52, Dec. 1955). With appropri- 
ate reference to pertinent literature, it 
shows by means of formulas and graphs 
the assumptions to be made for wind 
force, wave heights, slopes, width of 
berms, and other factors to determine 
most economical crest level and cross 
section of sea dikes. Ten sections of ex- 
isting sea dikes in Holland, England, and 
Japan are shown. 


Thrust loading on piles 
J. F. McNutty, Proceedings, ASCE, V. 82 
SM2, Paper No. 940, Apr. 1956, 25 pp 
Describes the results of lateral load 
tests on two separate projects for the 
National Advisory Committee for Aero- 
nautics. One utilized concrete cast-in- 
place piles in sand; the second utilized 
fixed end timber piles in sandy clay. 
Field data and an approximate method 
of analysis are presented and discussed. 
Preliminary graphs indicating relation- 
ship between deflection and load for var- 
ious soil conditions are included. 
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Study of the effect of creep and 
shrinkage on dead load stresses in 
a statically indeterminate compo- 
site system made of precast and 
cast-in-place reinforced concrete 
elements (in German) 
H. RuHLE, Beton- und Stahlbetonbau (Berlin), 
V. 50, No. 7, July 1955, pp. 194-200 
APPLIED MECHANICS REVIEWS 
Apr. 1956 (Khachaturian) 

This work is based on the following 
studies: (1) Dischinger’s study on the 
effect of creep and shrinkage in statically 
indeterminate, monolithic reinforced 
concrete structures (Bauingenieur, V. 
35-36, 1937, p. 539); (2) and (3) studies 
made by Kloeppel (Stahlbau, V. 2, 1951, 
p. 17) and Sattler (Theorieder Verbund- 
konstruktionen, Wilhelm Ernst and 
Sohn, 1953) in connection with the effect 
of creep in concrete in statically indeter- 
minate composite steel and concrete con- 
struction. 

Using the above mentioned sources, 
author shows that the plastic deforma- 
tions of precast and cast-in-place rein- 
forced concrete elements, in a statically 
indeterminate structure, produce 
changes in internal stresses as well as in 
the indeterminate quantities. Further- 
more, he applies the approximate meth- 
od of Kloeppel and Sattler to composite 
concrete construction. 

The mathematical derivations lead to 
differential equations in terms of the 
change in the indeterminate moment due 
to creep and shrinkage of concrete. In 
addition to mathematical derivations, 
author has presented computation pro- 
cedures and solved numerical examples. 

The computation procedures given are 
for determination of the effects of (1) 
creep, (2) shrinkage, and (3) the settle- 
ment of supports on indeterminate mo- 
ments. The numerical examples included 
are (1) a three-span continuous bridge 
with haunched precast concrete stringers 
and cast-in-place slab and (2) an arch 
with precast ribs and cast-in-place con- 
crete in between the ribs. 

One of the conclusions that the author 
draws is that, in a continuous haunched 
beam, the change in dead load stresses 
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due to creep is negligible. In conclusic 

author compares the effect of cree; 
shrinkage, and settlement of supports i 
composite reinforced concrete constru 

tion with monolithic construction. Stud: 
shows clearly the difference betwe« 
monolithic and composite construction 


Circular beam 

H. Harpsoe, Reprint from Bygningsstatiske 
Meddelelser (Copenhagen), V. 27, No. 1, 1956 
7 pp. 


Develops an approximate simple for- 
mula to substitute for the exact calcula- 
tions in the case of a circular beam, sim- 
ple span with end supported and fixed as 
to slope but not as to roll, subjected to a 
concentrated load acting perpendicular 
to the plane of curvature. The approxi- 
mation involved is of such magnitude 
that the moments thus determined vary 
by less than 5 percent from the exact 
moments. A table is included giving the 
approximate and correct values of the 
moment for subtended angles between 
zero and fr. 


Design of two-way concrete slabs 
(in Swedish) 


H. NYLANDER, Bulletin No. 19, Division of 
Building Statics and Structural Engineering, 
Royal Institute of Technology, Stockholm, 
1955, 38 pp.; Betong (Stockholm), V. 40, No. 3, 
1955, pp. 205-240 : 


Advances some proposals for the 
method of design of two-way slabs in 
connection with the preparation of the 
new Swedish standard specifications for 
the design of concrete slabs provided 
with two-way reinforcement. Design 
under these specifications is carried out 
on the basis of tables which give the 
moment coefficients for the elementary 
methods of support. For the design of 
continuous slabs, the author has ad- 
vanced a method of correction for in- 
fluences which are neglected in the 
standard assumptions of design. 


Analysis of frames by the nomo- 
graphic method 


J. Rygo.t, Concrete and Constructional Engi- 


neering (London), V. 50: No. 10, Oct. 1955, 
op. 351-361; No. 11, Nov. 1955, pp. 394-403 


An interesting application of nomo- 
graphs for structural analysis. Examples 
are entirely one-story frames. 
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Materials 


Method of measuring the surface 
texture of aggregate 
p. J. F. Wricut, Magazine of Concrete Re- 
search (London), V. 7, No. 21, Nov. 1955, pp. 
151-160 

AvuTHorR’s SUMMARY 

A method has been developed for 
measuring quantitatively the surface 
texture of particles of concrete aggre- 
gate. Various possibilities were consid- 
ered; the method adopted involves em- 
bedding a particle of aggregate in a syn- 
thetic resin and obtaining thin sections 
of the aggregate surrounded by the res- 
in. The interface between stone and resin 
is magnified 125 times on a projection 
microscope and traced. The length of the 
profile obtained is measured by means 
of a map-measuring wheel and compared 
with the length of an unevenness line 
drawn as a series of chords. The differ- 
ence between the two lengths is taken as 
a measure of the roughness. 

The reproducibility of the results is 
good but the variation between differ- 
ent parts of a stone is large. Thus it is 
necessary to obtain a considerable num- 
ber of results to give a reliable average. 
This is largely because of the smallness 
of ae sample length: 0.1 in. The method 
has been used to compare the roughness 
of a series of 12 different aggregates. 

It has long been recognized that the 
surface texture of a particle of aggre- 
gate might be an important property in 
determining the adhesion of binders to 
its surface. The degree of adhesion 
might, in turn, be expected to influence 
the properties of the mix. 


Tests with fresh and matured ce- 
ments (Uber Versuche mit frischen 
und abgelagerten Zementen) 
K. Seme., Zement-Kalk-Gips (Wiesbaden), V. 
8, No. 12, Dec. 1955, pp. 427-433 
AuTHOoR’s SUMMARY 
Cements, ground, as far as possible to 
the same specific surface area, from fresh 
clinker and from clinker that had been 
stored for some time were tested immedi- 
ately, and 14 days later, by various test- 
ing methods. These tests showed that: 
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(1) Tests carried out so far have shown 
no striking characteristic differences be- 
tween fresh and matured cement made 
from fresh and from older clinker re- 
spectively. (2) Even with complete ex- 
clusion of air the cement absorbs CO, 
and H,O. This is incipient hydration. 
This well-known phenomenon did not 
form the subject of the present investi- 
gations, however. (3) A number of new 
testing methods were tried out, of which 
it was assumed that they would give 
particularly accurate information on the 
changes occurring in the cements during 
the first few days of storage. The results 
of these tests are, however, in part 
greatly affected by other influences. 
They therefore require further improve- 
ment before they can be introduced for 
use side by side with standard testing 
methods for assessing the differences in 
important properties of cements. 


Findings: Effect of clay on the qual- 
ity of concrete aggregates 

BaILeEY TREMPER and W. E. HaskKeL., Cali- 

fornia Highways and Public Works, V. 34, Ne. 
11-12, Nov.-Dec. 1955, pp. 52-55, 64 

HIGHWAY RESEARCH ABSTRACTS 

Feb. 1956 

The sand equivalent test and the sedi- 
mentation test furnish indexes of the 
quantity and activity of clay in aggre- 
gates that could not be obtained by other 
test procedures. These tests appear to be 
the only rapid ones presently available 
that can be used to insure that aggre- 
gates are really ‘‘clean.” 

Extensive test data show the inclusion 
in the specifications of a minimum sand 
equivalent of 80 for fine aggregate and 
a maximum sedimentation value of 5 for 
coarse aggregate for portland cement 
concrete, while requiring more thorough 
processing than formerly, results in an 
improvement that is real in its effects 
on strength and more importantly on 
volume change of the resulting concrete. 


State testing value of silicones 


Pennsylvania Road Builder, V. 29, No 
1956, p. 9 


1, Jan. 


ABSTRACTS 
Mar. 1956 


HIGHWAY RESEARCH 


The Pennsylvania State Highway De- 
partment has been conducting experi- 
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ments on a silicone water repellent. The 
repellent is designed to save wear and 
tear on roads by preventing deteriora- 
tion caused by the freezing of absorbed 
water. 

The first experiment conducted by the 
state is at Progress, Pa., on US 22, 
where the silicone products of six manu- 
facturers were sprayed on 18 slabs or 60 
ft of the highway. The silicones tend to 
make the concrete darker. Department 
engineers have been making periodical 
checks on the pavement, but the coated 
roadway must be exposed to traffic and 
extreme weather conditions for a con- 
siderable length of time before conclu- 
sions can be reached. The pavement be- 
ing used in the experiment is about 8 
years old. 


General 


Some applications of ultrasonics in 
concrete testing (in German) 
K. WescHe, Bautechnik (Berlin), V. 32, No. 
5, 1955, pp. 151-155. Building Science Ab- 
stracts, V. 28, No. 11, Nov. 1955, p. 322 
HIGHWAY RESEARCH ABSTRACTS 
Mar. 1956 

Ultrasonic methods can be applied to 
test specimens to determine the dynamic 
modulus of elasticity, to test transverse 
and torsional frequencies, to study crack- 
ing and to locate voids in concrete in 
structures. A graph gives the relation- 
ship between concrete strength and ul- 
trasonic velocity as calculated by vari- 
ous authorities. In general, ultrasonic 
velocities lie between 1.5 and 4.6 km per 
sec, with broad ranges for low strength 
(2.5 to 3.2 km per sec), for average (3.2 
to 3.7 km per sec) and for high strength 
(3.7 to 4.2 km per sec). 

A more exact determination requires 
the ball impact test to supplement the 
above. Another graph gives the relation- 
ship of ultrasonic velocity to Poisson’s 
ratio; the latter is lower for heavy, old, 
or dry concrete. For normal 28-day con- 
crete a figure of 0.25 can safely be taken. 
Other applications include the location 
of cracks and voids, study of the influ- 
ence of frost, effect of water impurities, 
irregularities in mixtures, and setting 
times of cement and concrete. 
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Freezing and thawing tests 
ment mortar (in Swedish) 


Sven G. Berostrom, Bulletin No. 32, 
Cement and Concrete Research 
Stockholm, 1955, 24 pp. 


on ce 


Swedis! 
Institut« 
AUTHOrR's SUMMARY 
Describes tests to study the effect of 
variation in the mix proportions, curing 
conditions, and degree of compaction 
Results indicate that the water-cement 
ratio is the important variable; that 
continuous water curing until test im- 
proves early resistance but decreases 
later resistance to freezing and thawing; 
and, that excessive vibration causes a 
slight decrease in frost resistance. In- 
sufficient vibration was found to give 
widely varying results. The need for cor- 
relation of laboratory tests and field 
data is mentioned. It is noted that au- 
togenous healing during the period of 
thawing seems to have an important 
influence on the rate of deterioration, 
which indicates a need for a standard 
freezing and thawing sequence if re- 
sults are to be comparable. 


Load trensfer on steel piles 


(Lastuebertragung auf Stahipfaehle) 


WOLFGANG POHLE, Der Bauingenieur (Berlin), 
V. 30, No. 1, Jan. 1955, pp. 20-25 
Reviewed by ARON Mirsky 


Continuation of previous investiga- 
tions (Der Bauingenieur, Sept. 1951, 
pp. 257-259, and Oct. 1952, pp. 374-377; 
“Current Reviews,’”’ ACI JOURNAL, May 
1953, Proc. V. 49, p. 878) of concrete 
pile caps. Concretes with various 
strengths, hard and soft aggregates, and 
large and small pores were studied. 
Effect of latter two variables was not 
clearly established by the tests. 


Use of explosives for demolitions 
Davi H. Brook and RopertT WestTwatTer, Pro- 
ceedings, Institution of Civil Engineers (Lon- 
don), Part III, V. 4, No. 3, Dec. 1955, pp. 862- 
899 (including discussion) 
Reviewed by Aron L. Mirsky 
The primary function of the structural 
engineer is construction, not destruction. 
Yet he sometimes finds it necessary, to 
fulfill his primary task, first to design 
and execute intelligently and safely the 
removal of existing structures and other 
obstructions. Paper thus represents an 





CURRENT REVIEWS 


important as well as interesting addi- 
tion to the literature. 

Of equal interest is the view of J. S. 
Pritchard discussing this paper: since 
what goes up must come down sooner 
or later (and, technological obsolescence 
being what it is, the former being more 
probable than the latter), and since 
modern concrete is designed to be hard 
and durable, it might behoove the de- 
signing engineer to keep future demoli- 
tion costs in mind and provide prefabri- 
cated holes for demolition charges! 


Use of radioactive isotopes in study- 
ing changes in the structure of ce- 
ment during periodic freezing (in 
Russian) 
G. I. Loarnov, T. Y. Lyusrmova, and M. A. 
SHISHKOVSKAYA, Doklady Akademii Nauk 
SSSR, V. 98, No. 2, 1954, pp. 247-250 
CERAMIC ABSTRACTS 
Oct. 1955 (Kamich) 
The radioactive isotope was Sr 89 in 
the form of a 2 percent solution with an 
initial activity of 1500 to 3500 impulses 
per min. Dry specimens were saturated 
by capillary action. The process of capil- 
lary absorption was complete in 2 days, 
while absorption of the isotope required 
5 to 6 days. Specimens were subjected to 
one or two freezing-thawing cycles per 
24 hr for a total of 200 cycles. Macro- 
porosity decreased and specimens in- 
creased in strength, while microporosity 
did not change up to 100 cycles and 
began to increase rapidly after 200 cy- 
cles. Up to a water-cement ratio of 0.40, 
the total volume of pores decreased and 
then increased. As the water-cement 
ratio rose, the rate of isotope absorption 
decreased noticeably. Isotope absorption 
by water-saturated specimens was the 
same as for dry specimens. 


Chemical resisting concrete prod- 
ucts 


J. Vanver Exerpe, Rock Products, V. 58, No. 


11, Nov. 1955, pp. 166, 168-169 


CeRAMKC ABSTRACTS 

Mar. 1956 (Barbour) 

In the Ocrating process, free lime is 
converted to a stable compound by treat- 
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ing the cement product with a flourine- 
bearing gas in a gas-charged tunnel un- 
der controlled pressure and time. Results 
reported on sand-cement mortars show 
increased resistance to 5 percent lactic 
acid, 10 percent acetic acid, and Na,SO, 
(25 g SO, per liter) as well as a marked 
increase in flexural and_ crushing 
strength of the treated specimens after 
being subjected to the acid. Other “‘Oc- 


rated’”’ mortars showed a 66 percent re- 


duction in weight loss in an abrasion 
test when compared with an untreated 
mortar. 


Rheology of portland cement pastes 
G. H. TAatTrersat., British Journal of Applied 
Physics, V. 6, No. 5, 1955, pp. 165-167 
CERAMIC ABSTRACTS 
Oct. 1955 (Ashworth) 
The structural breakdown of portland 
cement-H,0 pastes was studied by the 
rotation viscometer. Hysteresis curves 
are presented, and the empirical equa- 
tien F — 7. + (2, = T,) exp (-Bt) for 
the decay cf torque, T, with time, ft, at 
constant rate of shear was found. The 
same equation was derived theoretically 
by assuming the excess torque to be pro- 
portional to the number of linkages ex- 
isting. 


Present ideas on the technology of 
concrete (Idées actuelles sur la 
technology du béton) 
Ropert L,’ HERMITE, Documentation Technique 
du Batiment et des Travaux Publics (Paris), 
1955, 252 pp., 2000 F 

From AUTHOR’s SUMMARY 

A compilation of the author’s principal 
findings in more than 20 years of re- 
search in the concrete field. Subjects dis- 
cussed include properties and factors af- 
fecting fresh concrete; setting and hard- 
ening and accelerative and protective 
treatments; elasticity, plasticity, and 
flow; and destructive tests. The final of 
five chapters treats job and laboratory 
control of concrete. 

The book contains many new ideas, 
unpublished or little known and the au- 
thor poses many questions, summarizes 
the present state of knowledge, and 
shows deficiencies in it. 
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Building Research Reports, Danish Na- 
tional Institute of Building Research 
Building Research Station Digest 


Bulletin, Centre d’Etudes et de Recher- 
ches de VUIndustrie des Liants Hy- 
drauliques 


Bulletin de la Reunion des Laboratoires 
d’Essais et de Recherches sur les 
Materiaux et les Constructions 

Bulletin, Faculty of Engineering, Cairo 
University 

Bulletin, Highway Research Board 


Bulletin, Institution of Civil Engineers in 
Ireland 

Bulletin, Instituto Tecnico 
struction y del Cemento 


de la Con- 


Bulletin, Iowa Engineering Experiment 
Station 
Bulletin Technique de la Suisse Romande 


Bulletin, University of Illinois Engineer- 
ing Experiment Station 


Cahiers du Centre Scientifique et Tech- 
nique du Batiment 
Cement 


Cement and Lime Manufacture 


Cement och Betong 


Cemento, Il 


Cemento Portland 
Ceramic Abstracts 
Civil Engineer Corps Bulletin 


Civil Engineering 

Civil Engineering and Public Works Re- 
view 

Commonwealth Engineer, The 

Concrete 

Concrete and Constructional Engineering 
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Consulting Engineer 
Contractors and Engineers 
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Watford Herts, England 
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Vile, France 


Garston 


Paris 


12 Rue Brancion, Paris XVe, France 


Cairo University, Giza, Egypt 


Highway Research Board, 2101 Consti- 
tution Ave., Washington 25, D.C 
35 Dawson St., Dublin, Ireland 


Costillares (2 Chamartin de la Rosa 
Apartado 3 de Correo 1263, Madrid 
Spain 

Iowa Engineering Experiment Station, 
Iowa State College, Ames, Iowa 

Case Postale Riponne, 21 Lausanne 
Switzerland 

University of Illinois Engineering Ex- 
periment Station, 106 Engineering 
Hall, Urbana, Il. 


4 Ave. du Recteur-Poincare, Paris 16e, 
France 

Heerengracht 507, Amsterdam C, Neth- 
erlands 

14 Dartmouth St., Westminster, SW 1, 
London, England 

Kolga-huset, Postgiro 
Sweden 

1 Viale F. Testi, 
Milan, Italy 

Calle San Martin 1137, 
Argentina 

(see Journal of the American Ceramic 
Society) 

Bureau of Yards and Docks, Department 
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Disc. 52-1 


Discussion of a paper by William J. Robinson and Lewis H. Tuthill: 


Better Concrete in Slope Paving by Use of Slip-Forms* 


By M. J. HAWKINST 


The authors have presented in excellent detail information about place- 
ment of concrete on slopes by use of slip-forms. Construction forces should 
profit from the many good and bad slip-form practices which have been so 
capably described in the article. 

During the past 10 years considerable slope paving has been placed by slip- 
form methods on the Columbia Basin Project. This work has been done by a 
number of different contractors, using equipment ranging from well-designed, 
highly refined slip-forms capable of excellent performance, down to crude 
outfits whose finished product was in some cases below standards of accept- 
ability. 

The writer is in complete agreement with all aspects of the article on slope 
paving. The advantage of a good slip-form opzration over ordinary strike- 
off and compaction methods is evident not only from the standpoint of cost 
but also from the improved quality of the finished product. A contractor 
that has tried both methods on the same job reports that the slip-form re- 
duced the placing crew from 16 to 10 men with half the number of concrete 
finishers required. Other contractors have reported similar economy in 
finishing labor with use of the slip-form. 

It should be remembered, however, that control of all concrete operations 
is still important even though a well-designed slip-form is used. There should 
be no relaxation in such important control phases as batching, mixing, and 
placing concrete with thorough vibration, followed by good finishing and 
curing methods. The article emphasizes the importance of vibration in slope 
paving. The authors have clearly pointed out the need for vibrating concrete 
ahead of the slip-form with immersion-type vibrators instead of using a 
vibrating slip-form for slope paving. 

Table 1, “Concrete Data for Slope Paving,” reports concrete mix character- 
istics for slope paving. It should be noted that these mixes, including air 
content and slump, are not different from mixes which are suitable for struc- 
tural concrete. 


The article has recommended that slip-form screeds for placing unformed 
concrete on slopes be at least 27 in. wide. Normally, contractors are aware 


of the needs for having slip-form screeds at least 27 in. wide but occasionally 
*ACI Journat, Sept. 1955, Proc. V. 52, p. 1. Dise. 2-1 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2 ag dk Ee V. 2. 
tConcrete Engineer, U. S. Bureau of Reclamation, ‘Columbia Basin Project, Ephrata, Wash. 
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we find that contractors try to use slip-forms of narrower width. In mo 
cases contractors have regretted using a narrow-width slip-form because < 
the slow speed necessary in attempting to prevent concrete from boiling out 
behind the slip-form. Concrete placed by slip-forms of narrow width has 
resulted in rippled surfaces similar to surfaces in Fig. 4. The corrugated 
or rippled surface of the concrete may not impair serviceability but it usually 
suggests that consolidation may have been purposely inadequate in order to 
minimize sagging. 

More detail on speed of operating the slip-form would have been helpful! 
The authors state that slow, uninterrupted movement is best. Factors that 
should not be overlooked in considering the practical speed of operating a 
slip-form are the degree of slope, the panel width, and how fast concrete is 
available for placement. Due to the many variables in concrete operations, 
it is believed the optimum travel speed for a specific job or type of slip-form 
can be determined only by trial and error at the start of the job. 

Some contractors, even though advised to the contrary, have attempted 
to use vibrating slip-forms for slope paving. The vibrating screeds generally 
had been used with success previously on the level but their attempts to use 
the same equipment on slopes gave results as described by Robinson and 
Tuthill. 

In conclusion, the writer would Jike to point out the value of an article of 
this type. It presents the practiced approach to conducting concrete work 


and makes available reference material that will improve the general standards 
of concrete construction. 





Disc. 52-4 


Discussion of a paper by A. M. Neville: 


Theories of Creep in Concrete’ 


By KEITH JONES, M. REINER, and AUTHOR 


By KEITH JONEST 


Mr. Neville has treated his subject in a most admirable and exhaustive 
manner and has provided an interesting and comprehensive comparison of the 
existing theories of creep in concrete. However, this writer believes that a 
brief outline of a usable method of relating stress to measured strain, including 
creep, in concrete would be profitably included in a discussion of the paper. 

Many extended investigations of the phenomenon of creep in concrete 
over long periods of time have been conducted by the United States Bureau 
of Reclamation. The results of those tests have been utilized in the develop- 
ment of a procedure for calculating stress in concrete from measurements of 
strain made by embedded strain meters. A number of the larger concrete 
dams constructed by. the Bureau during the past quarter-century contain 
strain meters embedded during construction from which periodic readings are 
obtained by electrical means. The Bureau’s Concrete Laboratory maintains 
representative test cylinders of concrete identical with that in each dam 
under conditions of temperature, humidity, and loading comparable to those 
conditions existing in each dam. Those cylinders are tested from time to 
time to determine the changing modulus of elasticity and creep factors as 
the concrete ages. The results of the laboratory tests together with the 
measurements obtained from the embedded strain meters comprise the 
physical data necessary to compute stress as a function of the measured 
strain. 

The process of calculation of stress from the physical data involves the 
following two principles: (1) a modified form of Hooke’s law, and (2) the 
principle of superposition.. The process consists of the calculation of small 
changes of stress corresponding to small changes of strain, by means of principle 
(1), and the summation of those changes according to principle (2). 


The modified form of Hooke’s law may be expressed as: 
h I 
(1) 


where Ao represents a change of stress to be obtained by the calculation. Ae 


represents a change of strain obtained from a strain meter embedded in the 
*ACI Journat, Sept. 1955, Proc. V. 52. p. 47. Disc. 52-4 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Instrrute, V. 28, No. 6, Dee. 1956, Part 2, Proceedings V. 52. 
tEngineer, U. S. Bureau of Reclamation, Denver, Colo. 
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dam. E, represents the Young’s modulus of elasticity which is effective ov: 
the interval of time during which Ao and Ae are developing and is obtained 
from laboratory tests of the concrete under consideration. 

The development of values for FE, involves experimental determination ir 
the laboratory of values of the instantaneous modulus of elasticity at suc 
cessive ages of loading of the concrete and the creep deformation at successiy: 
times after loading. Laboratory investigations have shown that a relation- 
ship of the following form is sufficiently accurate and convenient for use in 
calculations: 


1 
1/E’ + f(K) log, (t¢ + 1) 





where £’ is the instantaneous modulus of elasticity at K, the age of concrete 
at time of loading; ¢ is time elapsed after K. K and ¢ are expressed in days. 

It is obvious that Eq. (2) recognizes that the elastic modulus increases 
and the rate of creep deformation decreases as the concrete becomes older. 

The calculation of stress at any particular time is a step-by-step process 
of summation of all Ao from the time of original loading to the time at which 
the stress is desired and the end result is a stress-time curve. The selection 
of intervals of time for the development of any Ao is somewhat arbitrary, 
but obviously such intervals should be short when the concrete is new and 
can be gradually increased as the concrete ages. Bureau practice is to take 
the first interval as 7-8 days and to increase the interval to a maximum of 30 
days at a concrete age of about 900 days. 

Numerous tables and curves have been devised to facilitate computation 
by use of desk calculators. However, much tedious work is still involved 
when a large number of strain-meter records extending over long periods of 
time are analyzed. To enable the analysis of large numbers of long records 
with reasonable expenditures of time and labor, the method has been adapted 
for use by punched-card calculators.!_ Use of punched-card calculators also 
reduces the probability of human error. 

It is not the purpose of this discussion to describe completely the use of 
the method outlined herein, as that is available elsewhere,*? but to call attention 
to the fact that theories of creep are of practical value as well as of academic 
interest to the civil engineering profession. 
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By M. REINER* 


With his review, Mr. Neville has done great service to all those interested 
in the creep of concrete. There is much confusion in this field due to the fact 
that the term “creep” is used for any deformation slowly increasing in time 
under static load, whether recoverable or irrecoverable. In fact, the first is an 
elastic fore-effect due to delayed elasticity, and the second a case of viscous 
flow. They can be distinguished only on unloading, when it is seen how much 
is recovered. In addition there may be a yield stress which must be over- 
come for creep to occur. While I have observed such yield stress in a mortar 
(as reported by Mr. Neville), I agree with Glanville that the “‘value of such 
stress is so small as to be negligible.”’ Finally, there is the “initial set’? which 
disappears on repeated loadings, and if Probst said that after a number of 
alternating loadings concrete behaves like a perfectly elastic material, this 
refers not to creep but to the initial set, which is instantaneous, and to in- 
stantaneous elasticity. 

Mr. Neville believes that “the magnitude of the deformation will . 
also depend on the modulus of elasticity of the aggregate,” and this will in- 
deed be so, but only regarding the magnitude of the elastic deformation and 
not that of the creep. As to “the creep of the aggregate itself,’ I wonder if 
there are any observations on the creep viscosity of such stones as are used 
as concrete aggregates. I suspect that it is of an entirely higher order of 
magnitude than the creep viscosity of neat cement or mortar, and therefore 
need not be taken into account. 

When Mr. Neville states that “If the aggregate were purely inert (as main- 
tained by the writer) it would decrease the creep of neat cement numerically 
in proportion to the aggregate-cement ratio,’ he has overlooked the influence 
of voids on the magnitude of creep in the examples quoted by him, for con- 
crete is a mixture of cement, aggregates, and holes. 


AUTHOR'S CLOSURE 


The author was most interested in Professor Reiner’s contribution to the 
discussion as well as in the remarks on concrete in the new book' published 
by him since the author’s paper was submitted to the JouRNAL. 

Regarding the possible role of aggregate in creep of concrete, the author 
does not quite agree with Professor Reiner on the influence of voids. The 


voids are an inherent part of the hydrated cement paste, and are independent 


*Professor, Hebrew Technical College, Haifa, Israel. 
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of the aggregate. Their effect is thus taken into account in considering tl 
physical constants of the neat cement paste. Powers* described voids in 
cement paste as being of two types: gel pores, which are present in all pasts 
and capillary pores, which are present only in pastes with a water-ceme! 
ratio above a limiting value. Thus the water-cement ratio of the paste and 
its degree of hydration influence the elastic and nonelastic constants of th: 
paste. But if the same paste, instead of being neat, were interspersed wit! 
inert aggregate, creep would decrease arithmetically in proportion to thé 


aggregate-cement ratio. 


. 


he author agrees with Professor Reiner about there being insufficient 
knowledge of creep of stones used as aggregate. Some indication, however, 
that such plastic time deformation occurs in rocks is given by Evans,* and 
Adams and Coker;* time deformation at stresses as low as 1000 psi has been 
observed. It may be noted also that if creep of cement paste transfers some 
load to the aggregate, then the aggregate may be subjected to an actual stress 
considerably higher than the nominal average stress on the concrete as a 
whole. 

The author would like to thank Mr. Jones for his valuable outline of a 
method of correlation of creep with stress. He is in full agreement with Mr. 
Jones about the practical value of understanding the nature of creep in con- 
crete. 

Finally, the author would like to mention that for the past 2 years he has 
been working on the experimental correlation of creep with some of the basic 
properties of cement, particularly its chemical composition. It is hoped that 
the results of these tests, interpreted in the light of the improved present- 
day knowledge of the structure of hydrated cement paste, will help to present 
a clearer picture of the mechanism of creep in concrete. 
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Discussion of a paper by E. |. Fiesenheiser and B. A. Wasil: 


Heavy Steel-Aggregate Concrete 


By B. E. FOSTER, E. L. HOWARD, BRUCE A 


The use of heavy concrete as a shield against gamma rays and neutrons 
is increasing as the number of high energy accelerators and nuclear reactors 
becomes greater. The fabrication of concrete structures using aggregates of 
density well beyond those of the usual materials presents problems in mix 
proportioning, mixing procedure, and placing technique. The experiences 
of those who have worked with heavy aggregates are a useful and needed 
part of current concrete literature, and the work reported by the present 
authors on steel-aggregate concrete is no exception. There are several state- 
ments in the paper, however, which suggest further discussion. 

The ‘‘possible’”’ conclusion reached by the authors that “. . . in tl 
range, the strength of any concrete of given ingredients is proportional 
density” is of particular interest. It is difficult to conceive of the density, 
per se, of concrete constituents as having any influence upon the strength of 
the concrete. If such a conclusion were valid, one might expect that it would 
be unnecessary to restrict the application of the principle to given ingredients. 
A comparison of the strengths of ordinary concretes with those reported 
in this paper having more than twice the density shows that such a more 
general application of a density-strength relationship is not tenable 

Nevertheless the data presented do show a definite trend toward lowe 
strengths with increased cement content, the water-cement ratio being held 
constant. This behavior is probably associated with the high strength of 
the steel aggregate (which is far above the range of that of concrete mortars 
or of ordinary aggregates) and with the shape of the coarse aggregate pieces, 
rather than with the relative densities of the constituents. An excess of the 
weaker cementing constituent beyond that required to fill the voids and 
provide the required workability might be expected to result in lower strengths. 
The increase in modulus of elasticity with density shown in Fig. 4 is clearly 
what would be expected for combinations of materials of widely different 
moduli. 

In drawing conclusions from the data it should be kept in mind that they 


give information on only one type of aggregate, on a rather limited range of 
_*ACI Journat, Sept. 1955, Proc. V. 52, p. 73. Disc. 52-6 is a part of copyrighted 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 

tAssistant Chief, Concreting Materials Section, National Bureau of Standar 
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cement contents and water-cement ratios, and that they are few in numb: 
and, as would be expected with mixes of this type, are not entirely consistent 
As an indication of the latter, the authors conclude that the strength in 
creases with the length of the curing period. This is most probably true, 
yet in the 18 instances where their data permit a comparison of 7-day wit! 
14-day or 14-day with 21-day curing periods either retrogression or no increas: 
was observed in seven cases. 

It would appear that further data would be required to draw any genera! 
conclusions regarding strength-density relationships, although such a rela- 
tionship might be justified for the particular materials studied. 

The statement ‘. . . the effectiveness of a shield against penetration by 
neutrons is proportional to e (the base of natural logarithms) raised to the 
power of the density”’ needs some modification. A concrete shield which wil! 
absorb neutrons and gamma rays to the required extent will be more than 
adequate to stop the high energy charged particles which may also be present, 
so the latter may be ignored in shield design. The attenuation of neutrons 
and gamma rays is an exponential process,':? but the effectiveness of a shield 
in terms of its density can not be stated in the manner indicated by the authors. 

A shield is designed to produce a previously selected reduction in radiation 
intensity. A comparison of the effectiveness of various shielding materials, 
therefore, involves the determination of the relative thickness of the various 
materials required to produce equal attenuation. Thus the relative trans- 
missions through barriers of equal thickness but differing composition are 
not a linear measure of the relative effectiveness of the various compositions. 

In the gamma ray energy range of one to several Mev to which shields are 
the most transparent, the effectiveness is determined largely by the number of 
electrons present.? Since this number is roughly proportioned to the weight 
of the shield, it follows that the thickness of a required barrier is inversely 
proportional to its density. 

Neutrons, by contrast, are attenuated for the most part by nuclear proc- 
esses. An effective neutron shield may contain relatively heavy atoms, such 
as iron, to slow down fast neutrons by inelastic scattering. It should con- 
tain atoms of low weight, such as hydrogen and oxygen, to effectively slow 
medium-energy neutrons by elastic (billiard-ball)) scattering. Finally it 
should contain atoms with an adequate capture cross section, such as hydro- 
gen, calcium, and iron, to capture the resulting slow neutrons. For this latter 
purpose small quantities of lithium or boron are often added to minimize 
the penetrating gamma radiation which results from neutron capture by 
hydrogen. No simple relation exists, therefore, between density and shield 
effectiveness, but the highest density consistent with the inclusion of the 
necessary lighter elements is frequently sought to conserve space and weight. 

A shield designer might specify gamma-ray (or x-ray) shield material in 
terms of density and strength and be little concerned with which materials 
satisfied these conditions, but such a specification would not be adequate to 
insure the necessary properties in a shield which must also attenuate neutrons. 
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By E. L. HOWARD* 


The authors do not describe their method of mixing the trial batches, 
nor do they indicate how the concrete might be mixed and handled on a job. 

We have just recently mixed and delivered heavyweight concrete in transit 
mixer trucks. The specifications required 300 lb per cu ft concrete. Steel 
punchings were used for the coarse aggregate and natural sand for fine aggre- 
gate. The cement content was 5! sacks per cu yd. An admixture was 
used to improve workability. This combination worked well in the trial 
batches mixed in a 1l-sack mixer but some difficulty was experienced with the 
truck-mixed concrete. The steel punchings ground the sand into fine ma- 
terial causing an increase in the water demand for workable concrete. To 
overcome this problem fine gravel was substituted for one third of the sand. 
The over-all grading change in this case due to grinding left a fine aggregate 
just right for a workable mix. 

The mix proportions for this heavy concrete were established using the 
“Recommended Practice for Selecting Proportions for Concrete (ACI 613- 
54).” The rodded weights of steel punchings were used in conjunction with 
the values of Table 6 of ACI 613-54 with excellent results. The compressive 
strengths at 28 days averaged 3090 psi. These strengths conform nicely to 
the values in Table 5 of ACI 613-54. 

We agree with Messrs. Fiesenheiser and Wasil that strengths increase 
with the relative density, provided the density used is a function of com- 
paction and not specific gravity of the aggregate. We believe a given cement 
mortar will yield a uniform strength with any aggregate whose strength is 
greater than that of the cement paste that binds it. 


By BRUCE A. LAMBERTON fT 


On the basis of test data presented, the authors’ conclusion that the com- 
pressive strength of any concrete of given ingredients increases with increasing 
unit weight appears justified if applied to steel aggregate mixes. The further 
conclusion that this relationship is valid for conventional aggregate concretes 
does not seem unreasonable and would be an interesting subject for study 
and investigation. 

Our experience with this type of work indicates that the authors should 
have placed more stress on the importance of workability. Only rarely is 
construction of concrete biological shielding a simple placement problem. 
Innumerable embedded items necessitate internal vibration of conventionally 


*Testing Engineer, Pacific Coast Aggregates, Inc., San Francisco, Calif. . 
tManager, Research and Development, Intrusion-Prepakt, Inc., Cleveland, Ohio. 
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mixed concrete to insure complete filling of the forms. Extensive vibrati: 

causes segregation of steel particles, resulting in a mortar layer, and cons: 
quent ray passage, directly under each blockout and embedded item. T} 

mix, then, must be especially workable to permit placement without ove 

vibration. Improved workability can be provided by increase in cement 
content which, in turn, reduces unit weight. The problem, then, is not simp; 
to produce a laboratory mix with high unit weight but to arrive at the idea 
compromise between workability and unit weight. 

With regard to the establishment of a theoretical upper limit to the densit) 
of heavy concrete, it is felt that the statement must have been made onl) 
with reference to the particular aggregate gradations used in this test pro 
gram. Unfortunately the supply of well-graded coarse steel aggregate particles 
is one of the most difficult and expensive problems facing the engineer and con- 
tractor in large-scale construction of high-density concrete. Scrap reinforcing 
rods, cut to order in short lengths, though more expensive than random 
punchings, are more consistent in grading and generally, because of the better 
bond surfaces, produce higher compressive strengths. 

Using the prepacked concrete method, test specimens of steel aggregat 
concrete were cast during the course of an experimental program at Massa- 
chusetts Institute of Technology in which a unit weight of 395 lb per cu ft was 
achieved. As a matter of interest, the design approach to high-density pre- 
packed concrete is similar to that described in this article. A series of coarse 
aggregate blends are compared for maximum density and the fluid mortar is 
designed and tested separately, using fine steel particles in place of sand. The 
mortar is then injected into the preplaced coarse aggregate to produce the 
finished heavy prepacked concrete. 

It is noted that the trade name of the admixture was omitted. Perhaps 
this may be due to a reluctance on the part of the authors to publicize a 
proprietary product; a description of this material, however, would be of 
considerable value in reproducing the mixes described. 


AUTHORS’ CLOSURE 


The authors are pleased by the interest shown in the paper and the dis- 
cussions which have followed its publication. Because of several questions 
which have been asked it appears desirable to add a discussion of a method 
which has been used for placing heavy concrete in actual construction. The 
published article merely described the results of a short laboratory research 
project which followed actual construction of a substantial quantity of heavy 
concrete shielding (approximately 175 cu yd) for the University of Chicago 
Large Cyclotron Project. 

The above project was completed in 1950 under the direction of the senior 


author and consisted of material with steel punchings as coarse aggregate and 
sand as fine aggregate, resulting in an over-all density of approximately 310 
lb per cu ft. It was cast in the form of interlocking blocks of complex shapes 
in the construction of a shielding wall 12 ft thick, in such a manner that the 
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blocks comprising the wall may be disassembled at any time. These blocks 
were precast to close tolerances dimensionally, then lifted into their final 
positions. 

The special method of placing this concrete to avoid workability and segre- 


gation problems may be of interest. It was decided from the first planning 


stage to avoid placing the heavy steel punchings in a mixer because of the 
probable damage to the machine which would result, as well as separation of 
the ingredients. Therefore, only the sand, cement, water, and admixture (a 
cement-dispersing agent) were placed in the mixer. After mixing, this liquid 
was placed in the forms in a layer approximately 6 in. deep. On top of this 
material a calculated quantity of steel punchings was spread and consolidated 
into the layer by vibration. As soon as consolidation was completed, another 
layer of the liquid mix was immediately placed, followed by another quantity 
of punchings. In this manner each complete member was constructed. Sur- 
prising as it may seem, the required proportion of punchings to liquid mix 
was not difficult to control. At first, careful checking of each operation was 
necessary. Soon, however, the workmen became skilled in judging the proper 
amount of punchings, so that frequent checking was unnecessary. With 
reasonable supervision, uniform proportions could be maintained. Vibration 
did not cause segregation. 

The placing methed described was adopted after careful consideration of 
an alternate procedure which is the reverse and in which the coarse aggregate 
is first placed and then the liquid mix is pumped in to fill the voids. It was 
believed that the alternate method would have required heavier and more 
expensively braced forms to withstand pressure exerted by the pumps 

The suggestion made by Mr. Lamberton concerning the use of ‘“‘scrap 
reinforcing rods, cut to order in short lengths . . . ” has merit. is often 
a problem to find suitable steel punchings. Usually, scrap punchings from 
steel fabricating shops are covered by a film of oil or grease. ‘This should be 
removed and in the project described above this was done by steam cleanii 
before the material was used. 

The helpful discussion of Mr. Foster is appreciated by the authors. This 
calls attention to the authors’ suggested possible conclusion that “‘in the plastic 
range, the strength of any concrete is proportional to its density.’”’ The 
term “density” as used by the authors was intended to mean the density of 
the entire concrete, rather than that of any of its ingredients. Mr. Foster’s 
further clarification of shielding phenomena is welcomed. 

It must be pointed out that the data upon which the paper was based were 
limited and that complete laboratory controls were not possible for this short- 
range project. Anyone familiar with the problems encountered in testing 
ordinary compression cylinders is well aware of the large scatter usually 
obtained. Nevertheless, even with limited data, the indications of the results 
were definitely discernible. The authors felt compelled to make these data 
and their possible implications available to encourage further research in this 
direction. 








Disc. 52-7 


Discussion of a paper by E. A. Ailen and E. C. Higginson: 


Waterstops in Articulated Concrete Construction® 


By D. A. BUZZELL, BRYANT MATHER, and W. E. PARKER 


By D. A. BUZZELLT 


The authors have prepared an excellent account of the history and present 
practices of the Bureau of Reclamation in the use of rubber waterstops. 


The writer had charge of design on a western multipurpose project contem- 
porary with the Bureau’s Imperial Dam. Due to previous difficulties with 
metal stops we started using the rubber ‘dumbbell’ seals in our concrete 
structures. Most of the seals used were of the 6-in., two-bulb variety, but 
some of 9 in. with three bulbs were employed. The head involved was never 
over 100 ft and so far as I know these bulbs were entirely satisfactory during 
construction and in later behavior. 


The one criticism of this type on the part of construction men is that it 
requires splitting of the forms at monolith joints. This requirement has often 
boosted the installed cost of this seal in Corps of Engineer projects to as 
high as $12 per lineal ft. To avoid this nuisance the writer and his associates 
have developed three special types of stop which do not require form splitting. 
A government patent was applied for to cover these three designs. Unfor- 
tunately we have no field experience on the efficiency of the new designs. 
Probably the most practical idea used was simply to split the waterstop 
transversely half-way to the centerline, spread the split halves against the 
form, and then cement them together after the form had been removed. There 
appears to be no reason to doubt that this split waterstop would perform 
satisfactorily. 

The Bureau’s specification requires a tensile strength of 3500 psi. This 
extreme tensile strength may be justified for gate seals but it is difficult to 
obtain in conjunction with other desirable properties. The Corps requires 
only 2500 psi. We do not favor bending rubber seals around sharp corners 
due to the marked tendency of all known rubbers to deteriorate rapidly when 
stressed. Molded corners and intersections cost little more than splices 
provided that molds are available to the fabricator. The cost of a new mold 
is high and such patterns should be avoided. Most fabricators now have on 
hand a wide variety of molds including all of the standard corners and inter- 
sections. 


*ACI Journat, Sept. 1955, Proc. V. 52, p. 83. Disc. 52-7 is a put, Ss ba righted JouRNAL OF THE AMERICAN 
Concrete [natiTuTE, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 
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Our laboratory tests show that these rubber waterstops may be expectec 
to develop small, but objectionable, leaks when the joint is displaced, eve: 
though the stop itself remains intact. It is also known that under the sever: 
stress of such displacements the material must deteriorate rapidly even when 
protected from exposure to light. For these reasons we have been investigat 
ing vinyl chloride materials as a possible substitute for rubber. The Canadians 
are apparently using vinyls altogether but the Corps has as yet no conclusiv: 
evidence of vinyl superiority. The vinyls are more costly than rubber but 
have the great advantage of being easily fused together by means of an ordinary 
soldering rod. 


By BRYANT MATHER* 


The Waterways Experiment Station was assigned a laboratory project 
for performing tests on waterstops by the Office, Chief of Engineers in 1948. 
In 1952 an interim report, now out of print, was issued. A few of the data 
from this report are presented here to supplement those reported by the 
authors. The Waterways Experiment Station tests involved nine water- 
stops and included two that are apparently identical to two referred to by the 
authors. The three-bulb, 9-in. waterstop and the two-bulb, 6-in. waterstop 
are type A and type E as shown in Fig. 1. Tests were made for watertight- 
ness, distortion, and deterioration. 

The nine waterstops were: 


. Three-bulb rubber, 9 in. wide 
. Three-bulb rubber with nevprene center jacket, 9 in. wide 
. Three-bulb neoprene 
. Two-bulb rubber 
. Flat, stainless steel, 0.038 in. thick 
Flat copper, 48 oz 
. Bellows center, copper, 48 oz 
. Bellows center, copper, 20 oz 
Vinyl (patented) 


The test specimens and procedures were: 


a 
b 
c 
d 
e 
f. 
g 
h 
i. 


a. Watertightness—For this test concrete pipe sections were cast in place 
around circular segments of the waterstops. The joints were cast in an 
apparatus devised to permit the joints to be tested by the application of 
hydrostatic pressure. 

b. Distortion—For this test three concrete blocks were joined together by 
means of two cast-in-place waterstops. Joints were separated by a layer of 
bituminous mastic. The material was tested by applying a load to the center 
block, thus shearing the waterstop. 

c. Deterioration—Sections of each of the materials were cut and subjected 
to various exposure conditions. The deterioration effects were measured by 
means of tension tests. 

Results of these tests as reported in 1952 included: 


*Engineer, Concrete Division, Waterways Experiment Station, Corps of Engineers, U. 8, Army, Jackson, Miss. 





WATERSTOPS IN CONCRETE CONSTRUCTION 1151 


a. The three-bulb rubber, three-bulb rubber with neoprene center jacket, 
and the three-bulb neoprene all functioned adequately to form watertight 


joints and are able to withstand up to 6 in. differential movement without 
rupture. 

b. It appears that the hollow center bulb of the three-bulb waterstop is 
not necessary. 

c. The two-bulb waterstop appears to perform equally as well as the three- 
bulb waterstop. 

d. The rubber-type waterstops will withstand a head of water of more 
than 200 ft with no appreciable leakage with as much as 2 in. separation at the 
joint. 

e. Flat 0.038-in. stainless steel and flat 0.065-in. ductile copper waterstops 
were about equal in behavior in the distortion tests with the copper indicating 
slightly greater permissible deformation. 

f. The flat-type metal waterstops are able to withstand little differential 
movement and maintain a watertight joint. 

g. The two copper-type bellows center waterstops functioned similarly in 
the distortion tests. However, the heavier copper had greater resistance to 
deformation. 

h. No difficulty was experienced in filling the groves of the vinyl (patented) 
waterstop. This type of waterstop should function adequately in joints 
where the differential movement will be slight. It is to be noted that the in- 
ventor recommends this waterstop for construction joints only. 

i. The rubber, neoprene-jacketed, and neoprene waterstops showed no 
loss in elasticity or tensile strength after 12 months deterioration test. 

j. The results indicate that the neoprene jacket on the rubber waterstop 
offers no apparent advantage. 


By W. E. PARKER* 


The subject of waterstops has recently been given considerable attention 
by Ontario Hydro. As a result, past practices have been modified, largely 
on the basis of laboratory investigations. Attention has been focused on 
waterstops for massive hydraulic structures where, as mentioned by the 
authors, movements are not extreme. 

Leakage tests have demonstrated that flexible types of waterstops have 
considerable advantages over the metal diaphragms used previously. 

Cross-sectional configurations have been found to have an influence on 
watertightness, and a fair degree of rigidity was found to be desirable to pre- 
vent folding of the waterstop during concrete placement. 

The relative merits of rubber and plastic of the polyvinyl chloride (p.v.c.) 
type have been carefully studied. The latter has somewhat less extensibility, 


*Technical Assistant, Structural Research Department, Hydro-Electric Power Commission of Ontario, Toronto, 
Ont., Canada. 
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though adequate for current Hydro requirements. On the basis of theoretica 
considerations and accelerated laboratory tests polyvinyl chloride appears t: 
have improved ageing characteristics as compared with rubber. However 
its recent development precludes field confirmation of long service life. 

The facility with which joints may be made by heating the area of con 


tact is a factor in the favor of polyvinyl chloride. In any case, it is our fee] 


ing that rubber and p.v.c. waterstops should not be combined in a given struc- 
ture because of the difficulty in making connections between the two materials. 


As a result of the recent studies, p.v.c. waterstops have been adopted on 
two current projects. In addition, a specification has been developed for 
polyvinyl chloride for waterstops taking into consideration such properties 
as longevity under the exposure conditions prevailing in the structure and the 
degree of stiffness that will give both adequate flexibility in cold weather and 
the rigidity required during concrete placement. 





Disc. 52-8 


Discussion of a paper by F. T. Mavis and F. A. Richards: 


Impulse Testing of Concrete Beams* 


By MERIT P. WHITE and AUTHORS 
By MERIT P. WHITET 


The writer agrees with all statements and conclusions in this paper. He 
believes, however, that the paper may be misleading and even dangerous 
unless more emphasis is put on the limitations of its applicability. 

Tests are described in which reinforced concrete beams, differing only in 
type of reinforcing steel, are loaded dynamically in pairs so that more or less 
equal loads are applied to both beams in each test. Of each pair of beams 
one was reinforced with rail steel (yield 75,820 psi) and the other with struc- 
tural-grade steel (yield 39,200 psi). The rail-steel beams had about twice 
the ultimate bending resistance of the structural grade, but were able to 
endure rather less deflection before failure. In every case the stiffer, rail- 
steel beam suffered far less damage than the structural grade. The writer 
fears that it might be concluded, therefore, that rail steel is necessarily always 
superior to structural steel for reinforcement in case of impact loading. It 
should be noted that the authors make no such claim. 

In these tests the forces applied to the beams are rather small and are 
limited mainly by the resistance of the weaker beam of a pair. Under the 
circumstances, it is not surprising that the stronger beam received relatively 
little damage. This is obviously true for static loads, of course, and remains 
more or less true as the load intensity increases somewhat with a correspond- 
ing decrease in duration. 

If the energies absorbed by the beams are compared it will be found that 
the weaker beam of each pair always received by far the larger share of the 
total energy. 

It must be pointed out that the conditions of these tests do not correspond 
to all cases of impulsive loading. For example, the applied force may be 
much larger than the resistance of the beam, acting for only a short time, a 
situation that appears to have been avoided in designing these tests. In 
such a case the applied impulse gives a certain kinetic energy to the beam, 
the amount depending mostly on the impulse and on the mass of the beam, 
and to a much less extent on the resistance of the beam. The amount of 
damage caused by this loading will depend on the ability of the beam to ab- 


*ACI Journat, Sept. 1955, Proc. V. 52, p. 93. Disc. 52-8 is a part of copyrighted JourRNaL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings, V. 52 
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sorb the energy given it. If one desires to minimize damage—+.e., to have 1 

residual deflection or only a small deflection—it is desirable to use reinfor 

ing steel with a high yield point provided the beam is not over-reinforced 
This suggests the use of rail steel or possibly of prestressed concrete. On th: 
other hand, it may be uneconomical to design for no damage. In this cas 
a structure that can absorb a large amount of energy plastically without 
losing appreciable resistance is required. It has not been shown that struc 
tural-grade reinforcing is inferior in this case. 


AUTHORS’ CLOSURE 


The authors are gratified that Professor White “agrees with all statements 
and conclusions in this paper.”” The paper is limited to pairwise tests of 
reinforced concrete beams that were identical except for grade of reinforce- 
ment. The authors have attempted to tell the whole story of the behavior 
of two beams under one impulse. They have also tried to make clear the 
limitations implicit in size of beams, loading interval, and instrumentation 
in isolating the primary variable, namely grade of reinforcement. They aim 
to report fully all angles of their research and the facets of thinking which 
underlie it. 


There may be differences in point of view, in interpretations, or in wording 
to describe many facets of thinking. For example, Professor White says 
“The rail-steel beams had about twice the ultimate bending resistance of the 


structural grade, but were able to endure rather less deflection before failure.”’ 
This statement is misleading because not one beam reinforced with hard- 
grade steel failed when it was tested opposite an otherwise identical beam 
reinforced with structural-grade steel (conclusion 1). Other conclusions 
(with which Professor White apparently agrees) should leave little doubt that 
the beams with hard-grade reinforcement came out ahead of the beams with 
structural-grade reinforcement under identical impulsive loads with respect 
to damage (conclusion 2), load capacity after test (conclusion 3), and per- 
manent set (conclusion 4). Conclusion 5 quantifies the central tendency 
of relative permanent set by figures that are strictly limited to these tests. 

Professor White continues ‘In every case the stiffer, rail-steel beam suffered 
far less damage than the structural grade.” Both static and dynamic tests 
reported in the paper—and other tests made subsequently—show clearly 
that beams which are identical except for grade of reinforcement have the 
same slope of load-deflection curve within the elastic limit of steel. The 
elastic limit is less for structural-grade steel than for hard-grade steel and the 
load-deflection curve for a beam with structural-grade reinforcement de- 
viates from a straight line at a lower load than does the load-deflection curve 
of an otherwise identical beam with hard-grade reinforcement. In other 
words, a beam with structural-grade reinforcement goes into its plastic sag 
while an otherwise identical beam with hard-grade reinforcement continues to 
carry load elastically. The yield load is proportional to the yield stress for 
the same loading conditions. It is doubtful if anyone would reasoningly 
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build two concrete slabs alike except for grade of reinforcement and seek 


shelter under the weaker slab—somehow hoping that 39,000 psi yield strength 


of structural-grade steel in one slab would give him greater protection than 
75,000 psi yield strength of hard-grade steel in the adjacent slab. If the 
impulse were not great enough to demolish both slabs, the shower of concrete 
fragments from the weaker slab might prompt him to reconsider the problem of 
impulse-resistance on both practical and theoretical grounds. 

Professor White’s reference to “share of the total energy,” “applied im- 
pulse,” and “‘certain kinetic energy” in the next part of the discussion merits 
clarification. If the unbalanced force is everywhere known as a function of 
displacement tn the direction of the force, then changes in kinetic energy are de- 
fined for rigid bodies. With appropriate adjustment, if more is known about 
the system, this is also true for bodies that are not rigid—as is the case here. 
This is a scalar system. On the other hand, if the unbalanced force is known 
as a function of time, then changes in linear momentum fall out nicely in a 
vector system. However, the two “systems” do not mix, although both 
lead to the same end points if enough things are known in each system. It is 
rare indeed when one has all of the parts to tell the whole story in both systems. 

Professor White’s conclusion is sound, however, and it is clearly in step 
with the authors’, namely, “If one desires to minimize damage—7.e., to have 
no residual deflection er only small deflection—it is desirable to use reinforcing 
steel with a high yield point provided the beam is not over-reinforced.” (In the 
authors’ opinion even over-reinforcement with hard-grade steel may have 
advantages without added cost.) When Professor White concludes that 

it may be uneconomical to design for no-damage”’ the authors agree 
fully. Certainly structural-grade reinforcement is not inferior to hard-grade 
reinforcement, but unless more low-yield strength steel than high-yield strength 
steel is used as reinforcement under present specifications—and that amount 
about inversely proportional to the yield strength—one shouldn’t be too sur- 
prised to find that the slab or beam with the lower yield reinforcement goes 
to pieces first under otherwise identical conditions of loading and support. 


in, < 








Disc. 52-15 


Discussion of a paper by James Chinn, Phil M. Ferguson, and J. Neils Thompson: 


Lapped Splices in Reinforced Concrete Beams’ 


By K. HAJNAL-KONYI and AUTHORS 


By K. HAJNAL-KONYIt 


In a previous discussion! on a paper by Phil M. Ferguson and others the 
writer pointed out the necessity of providing stirrupsin all parts of a structure 
where deformed bars cause a high concentration of bond stresses so as to 
avoid the splitting of the concrete. He suggested that “tests on beams with 
deformed bars without stirrups would be a waste of effort since it is a foregone 
conclusion that their results cannot be satisfactory.” The test results pub- 
lished in the present paper fully confirm his views. In the writer’s opinion, 
the stress at which failure by splitting occurs is of little importance since the 
purpose of sound design must be the prevention of this type of failure. 

It is regrettable that out of the 40 beams tested only one was provided with 
stirrups (D37). In this case failure occurred in diagonal tension. The note 
in Table 1, ‘‘No failure in bond, but failure appeared imminent,”’ is not ex- 
plained. On p. 211 the authors state with regard to this beam: ‘It appeared 
that the splice was too near failure to have developed the yield point (57,000 
67,000 psi) of this steel.’”’ It would be interesting to know on what indication 
the note and this statement are based since it is mentioned on p. 207 that, 
“in all cases the final failure was rather sudden and violent.” This is no 
doubt correct if no stirrups are provided but would yet have to be proved in 
cases where sufficient reinforcement is available to take up the forces acting 
in the transverse direction. 

From the point of view of practical design the most important conclusions 
are 7 and 8. Conclusion 7 confirms the writer’s expectation that conditions 
for bond become more critical with increasing bar diameter, while conclusion 8 
makes it quite clear that a factor of safety of 2.5 against bond slip could only 
be developed in a splice with stirrups. This conclusion is based on a single 
test (D37) and more research on splices with stirrups is therefore necessary, 
to establish a numerical relation between the longitudinal force to be trans- 
mitted by the splice and the minimum transverse reinforcement required to 
prevent splitting of the concrete. 

It is difficult to understand that in spite of the unsatisfactory results with 
all splices without stirrups the authors still advocate the design of such splices 
(conclusion 9). 

*ACI Jounnat, Oct. 1955, Proc. V. 52, p. 201. Disc. 52-15 is a part of copyrighted JournNaL or THE AMERICAN 
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In this connection, reference to a paper published 20 years ago may be 
interest.2, This paper contains test results on pull-out specimens with d 
formed bars which were carried out in the Department of Theoretical an 
Applied Mechanics, University of Illinois, under the direction of Prof. F. E 
Richart. Owing to the lack of transverse reinforcement, all specimens failed 
by splitting of the concrete. On the basis of these results, the author of th: 
paper, Fisher Cassie, arrived at the following conclusion: 

“Tt has long been known that the use of deformed or corrugated bars in reinforced 
concrete does not result in the increased strength in bond that these bars are popularly 
supposed to give. Since the initial slip begins when adhesion breaks down, no projec- 
tions or corrugations will increase the load at which initial slip takes place. When slip- 
ping has commenced the corrugations help to increase the frictional resistance, but if 
slipping proceeds to any extent the presence of these corrugations may prove dangerous 
instead of helpful.” 


. at a slip of about 0.02 in. ‘“‘the corrugations had exerted such a radial pressure 
on the surrounding concrete that the resultant circumferential stress was enough to split 
the concrete block completely.” 

“Tt can thus be seen that there is no advantage in using corrugated bars, for their re- 
sistance does not rise above that of a plain bar until they are in danger of bursting the 
concrete.” 

This conclusion is as valid today as it was 20 years ago if no transverse 
reinforcement is provided as has been proved again by the authors’ tests. 
Conditions are, however, entirely different if splitting of the concrete is pre- 
vented by stirrups.’ The improved bond of deformed bars can only be utilized 
if adequate transverse reinforcement is available at the critical portions, in 
the same way as such reinforcement is necessary for the anchorage of post- 
tensioned structures. It would be a pity if the future of deformed bars were 
jeopardized by their incorrect use. This would be the case if the authors’ 
conclusion 9 were adopted. 

Although the purpose of the tests was to produce failure at the splices or to 
reach the yield point of the tensile reinforcement, four beams out of 40, i.e., 
10 percent of the specimens tested, failed in diagonal tension at ratios v./f.’ 
varying from 0.0359 to 0.0470. The factor of safety of these beams against 
failure in diagonal tension based on the ACI Code varied between 1.2 and 1.57. 
The fact that such low values are not exceptional has been proved by tests 
by Moody, Viest, Elstner, and Hognestad* where the lowest ratio v./f.’ was 
0.036, z.e., practically the same as in the present series. Thus, as a secondary 
result, the present paper also confirms that it is advisable to provide stirrups 
in beams generally, irrespective of the calculated shear stress, in accordance 
with European and contrary to American practice. 
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AUTHORS’ CLOSURE 


The discussion by Dr. Hajnal-K6nyi is significant in pointing out a design 
philosophy somewhat at variance with that of the authors. It is both challeng- 
ing and desirable to have divergent views capably presented. 

Dr. Hajnal-Kényi is convinced that there is only one satisfactory type of 
splice—a splice provided with stirrups to prevent splitting. In contrast, the 
authors would affirm that splices without stirrups can be designed which are 
quite as satisfactory as splices with stirrups. With the present information 
they feel more confident of their ability to specify the proper lap length when 


stirrups are omitted than to specify the stirrups required to prevent splitting 


when a shorter lap is used. 

As an example, Fig. 8 indicates that, for #6 bar splices spaced 3.62 in. on 
centers in 4500-psi concrete, a lap of 24 diameters or 18 in. will surely develop 
the 40,000 psi yield point of intermediate-grade steel and 36 diameters or 27 
in. will develop a 50,000 psi yield point. In both cases this provides enough 
surplus strength to care for the usual range of yield-point strengths. A nar- 
rower spacing or lower strength concrete would call for an increased lap; a 
wider spacing would permit a possible reduction in lap. Additional data re- 
lating to these variations would be valuable, but the paper gives some basis 
for judgment in these matters. 

On the other hand, the authors know of no reliable method of establish- 
ing what stirrups are necessary to prevent premature splitting. Presumably 
this requirement is a function of the average bond stress or splice length. 
A spiral around the splice could certainly prevent premature splitting and 
such might be a proper solution for an isolated splice. But how many and 
what type of stirrups are required to function as well as a spiral? 

The effectiveness of beam D37 with its #2 stirrups at 3-in. centers over the 
splice zone made the authors somewhat over-confident that stirrups were a 
satisfactory solution. Since then several beams with various forms of stirrups 
or ties have been tested with uniformly disappointing results. For example, 
in a beam 414 in. wide, containing two 10.43 in. long splices of #5 bars, separate 
#2 ties were placed around each splice at 2!4-in. centers. For this beam f,’ 
was 3200 psi and f, of the steel was 62,900 psi. Cover was 1! in. over bars. 
Splice failure occurred at a calculated steel stress of 44,500 psi and a calcu- 
lated bond stress of 673 psi or 20.97 percent f.’.. At about 78 percent of the 
failure load, the cover concrete in the splice zone appeared to have completely 
separated from the main part of the beam. After the failure load was reached 
the load capacity dropped off with increased deflection. 


The authors have not lost confidence in the possibility of using stirrups 





1160 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 195¢ 


or ties to prevent splitting around a lap splice, but their knowledge is sti 
totally inadequate for design purposes. 

The authors share Dr. Hajnal-K6nyi’s dislike of the violent type of failu: 
reported in these tests, but this type of failure can be eliminated in othe: 
ways than by providing stirrups. If the splice is made long enough, on th 
basis of data such as that recorded in Fig. 8, the steel will yield before th: 
splice strength is reached and there need not be any splice failure. With 


labor costs high, increased lap length may be more economical than stirrup 
use. 


The authors wonder if Dr. Hajnal-K6nyi would actually consider adding 
stirrups around the dowel bar splices ordinarily used in joining the stem 
of a cantilever retaining wall to its base. Greater splice length seems much 
neater in this case and in the United States probably also a cheaper solution. 

The question was raised as to how the authors knew that splice failure was 
imminent in beam D37, in view of the further statement that failure was 
normally sudden and violent. A sudden or violent failure does not necessarily 
mean one without warning or danger signs. The authors stated: “In longer 
splices the splitting cracks would gradually develop over a considerable 
length of the splice with increasing load.’”’ Before these cracks extended 
the full length of a splice, the sudden and complete failure occurred. In 
beam D37 the splitting cracks had extended nearly the full length of the 
splice at the time the beam failed in diagonal tension. While a splice with 
stirrups might hold together longer, subsequent tests still seem to justify 
the original statements to the effect that failure appeared imminent and 
that the splice appeared too near failure to have developed the steel yield 
point. Unfortunately, the authors do not know what actually constitutes 
Dr. Hajnal-Kényi’s “sufficient reinforcement ... to take up the forces 
acting in the transverse direction.” They readily concede that enough rein- 
forcement might change the failure characteristics. 


Lapped splices of deformed bars without stirrups have been used suc- 
cessfully in this country for years. In general, engineers have provided a 
length of lap which they considered sufficient to develop the yield strength 
of the bars. In addition, they specified that splices were not to be located 
in regions of high moment and that they should be staggered when possible. 


In certain structures, notably cantilever retaining walls and precast slabs 
and beams, practical construction dictates that splices be located at regions 
of maximum moment. These splices could be made by welding, by bend- 
ing or hooking bars, or by placing ties around the splice. One can, however, 
afford to provide a considerably longer lap before resorting to these measures; 
and it appears that longer laps can develop the necessary bar strengths. 


The authors concur in Dr. Hajnal-K6nyi’s concern about low shear strengths, 
but not in his solution of this problem. Lower allowable shear stresses may 


be indicated, but stirrups may be no more needed in all beams than in all 
slabs. 





Disc. 52-16 


Discussion of a paper by Bruce E. Clark: 


Theoretical Basis of Pressure Grout Penetration’ 
By V. L. MINEAR, A. WARREN SIMONDS, and AUTHOR 
By V. L. MINEART 


There is much food for thought in Mr. Clark’s excellent paper. It gives a 
rational explanation for certain well-known but little understood ‘‘phe- 
nomena” associated with grout injection and raises some doubt as to the pro- 
priety of provisions contained in some rock grouting specifications. 

Any engineer who has had much experience in the injection of neat-cement 
grout has observed a marked difference in the behavior of those mixes thicker 
than W/C 0.90 (bulk volume measurement) as compared with the thinner 
mixes, particularly when grouting a hole at, or near, the maximum allow- 
able pressure. With the thin mixes, injection can be stopped for short periods 
and resumed almost at will, but with thick grout even momentary interrup- 
tions of flow often result in the loss of the hole. Pumping cannot be resumed 
unless much higher initial pressure is used. ‘‘Thixotropy’’ would seem to be 
the explanation for this behavior. It is common practice in the field, when a 
hole is encountered which takes large quantities of cement, to “thicken up 
the grout and cut down on the pressure (velocity of flow),” or to discontinue 
pumping altogether for short periods at frequent intervals. Mr. Clark’s 
findings would seem to indicate that this technique causes a build-up in flow 
resistance which necessitates the use of a higher pressure than is permissible 
if injection is to be resumed. In other words the hole has been “grouted to 
refusal.””’ But has it? The experience of the U. 8. Bureau of Reclamation in 
grouting the foundation for Hoover Dam, where this technique was used 
extensively for sealing grout leaks and for controlling the amount of material 
injected when the take was considered excessive, would seem to indicate 
otherwise (see Simonds, A. W., “Final Foundation Treatment at Hoover 
Dam,” Proceedings, ASCE, Separate No. 109, 1951). 

Recognition of the fact that “Thin grouts are viscous or Newtonian fluids 
but as W/C is reduced a point is reached where grout becomes a plastic” 
is a matter of much practical importance. Maximum permissible pressures as 
prescribed by specifications are calculated to safeguard against dangerous 
uplift. They are based upon the assumption that grout acts as a viscous 
fluid. According to Mr. Clark’s findings this is an erroneous assumption when 
dealing with mixture having a W/C less than 0.90. If this be true, prescribing 
the same limiting pressure for thick grout that is allowed for thin grout sets a 
premium on the use of the latter and makes difficult or impossible the use of 


the denser, more durable lower W/C grouts. 
*ACI Journat, Oct. 1955, Proc. V. 52, p. 215. Disc. 52-16 is a part of copyrighted JouRNAL oF THE AMERICAN 


Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
TCivil Engineer, St. George, Utah. 
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The writer questions that part of Mr. Clark’s paper dealing with admix 
tures. He believes that properiy designed sanded mixes are pumpable with 
out recourse to the use of additives and that the use of such mixes as an 
economy measure is preferable to a manipulation of the W/C and pressur 
with neat mixtures for the control of leaks or excessive takes. 


By A. WARREN SIMONDS* 


The author has assembled the fundamental principles which apply to 
pressure grouting with neat cement grouts. The four key properties ar 
listed and a discussion of each based on laboratory data is included. Whi 
this information no doubt will be of interest to those who are concerned with 
grouting methods and processes, it should be realized that a standardized 
procedure of pressure grouting foundations with cement grouts will be sub- 
ject to many exceptions, and only experience and logic can bring a grouting 
program to a successful close when unforeseen difficulties are encountered. 

The general practice of designating cement grout mixes is to specify the 
water-cement ratio. While this practice is fairly widespread throughout the 
construction industry, many engineers have encountered a wide variation in 
the flow characteristics of grout mixes having the same water-cement ratio 
when the cements used are obtained from different mills. This is due, to a 
large extent, as the author explains, to the fineness to which the cement is 
ground, chemical composition of the cement, the presence of certain agents 
used at the mill in grinding the cement, and the shape of the cement 
particles. This variation is more noticeable generally for low W/C grout. 

It is desirable to keep the cement particles in suspension as long as possible 
in foundation grouting. The cement and water should be mixed vigorously 
and rapidly so as to approach as nearly as possible colloidal mixing. A cir- 
culating system of piping to supply grout from the pump to the grout hole 
and to return the excess grout to an agitator sump at the pump tends to 
minimize the possibility of the grout becoming plastic, particularly when in- 
jecting grout slowly for an extended period in fairly tight formations. 

Mobility retention is a characteristic which may be highly desirable when 
grouting foundations in which numerous surface leaks occur at the same 
elevation or higher than the collar of the grout hole. To keep the fluid grout 
under control when leaks occur, it is sometimes necessary to pump at re- 
duced pressure or even shut down the pump for a limited period to permit 
calking the leaks. When a shutdown of pumping occurs, there is always 
a question as to how long the grout can remain immobile without danger of 
plugging the fissures in the rock and thereby losing the use of the grout hole. 
With some cement grouts it is possible to seal surface leaks by manipulating 
the water content of the grout mix and resume injecting grout after a shut- 
down period long enough to permit the leaking grout at the surface to take 
its initial set. When leaks occur below the grout hole, a grout which becomes 


*Structural Engineer, U. S. Bureau of Reclamation, Denver, Colo. 
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immobile in a short time is needed, particularly when leaks develop under 
water. 

Excess water in grout mixes, whether it is due to bleeding or to sedimen- 
tation, should be removed as much as possible to obtain an effective grout 


film. Depending on conditions, this can be accomplished by venting or by 


the application of pressure. In the case of filling known voids such as the 
contraction joints in arch dams, the voids between the arch of a concrete 
lining of a tunnel and the surrounding rock, or the backfill grouting of seroll- 
case liners, intermittent injection of grout, followed by draining excess water 
at the vents, and later by the application of pressure will usually produce a 
good film of grout. In the case of foundation grouting, the settlement of 
cement particles in the grout, which is associated with bleeding, may leave 
voids only partly filled. Since venting may not be practical in most cases, the 
application of pressure remains as the other alternative. By building up 
pressure as the grouting of a hole nears completion, some of the excess water 
may be forced out of the grout into the finer and more distant fissures and 
eracks. Caution should be taken in applying pressure under these conditions 
as the reckless application of pressure on fluid grout may build an enormous 
total force which may lift or rupture overlying beds of the foundation rock. 

In regard to size of the cement particles, a finely ground cement from a 
mill equipped with air separators is desirable. For best results, the cement 
should have a fineness so that 100 percent will pass a 100-mesh U. 8. standard 
screen. Such a cement will usually have 85- to 90-percent particles passing a 
200-mesh U. 8. standard sereen which is fine enough for grouting most foun- 
dations. Cements from mills not equipped with air separators frequently 
contain small quantities of underground clinker which, as the author points 
out, will be retained on a 40-mesh or even coarser screen. When several 
hundred sacks of cement are injected in one hole, one may expect some pre- 
mature plugging of the smaller fissures because of this coarse material. 

In discussing the quality of grout after setting for high strength and low 
permeability, no mention is made of the effect of pressure on fluid grouts. 
As most foundation grouting is done with pressure, its effect should be con- 
sidered along with the water-cement ratios. Cores drilled from foundation 
areas of many Bureau of Reclamation dams where grouting had been done, 
using high water-cement ratio grouts and high pressures, have yielded films 
of hard dense grout which were highly impermeable. 

In evaluating grout mixtures, the author’s statement, “The properties 
desired of grout vary from job to job, from grout hole to grout hole, and from 
one moment to another in grouting the same hole,” is very true. No matter 
what kind of rock foundation, what physical conditions are present, or what 
type of grouting is being done, a grouting engineer may find himself beset 
with difficulties which make a quick change in the grout mixture or procedure 
mandatory. Table 1, “Grout Prescriptions for Various Purposes,”’ is a step 
toward summarizing desirable qualities of grouts for certain conditions. 
However, one should realize that underground conditions encountered may 
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change quickly and often times unexpectedly, and when this occurs there j 
nothing better than field experience and logic to fall back on. 


AUTHOR'S CLOSURE 


The author wishes to thank Messrs. Minear and Simonds for their dis- 
cussion, and is gratified that two of the leading grouting engineers in th: 
country find no real flaw in his presentation of grouting theory. The only 
place where there appears to be any particular disagreement with the author’s 
paper is found in the last paragraph of Mr. Minear’s comments, wherein he 
states that “properly designed sanded mixes are pumpable without recourse 
to the use of additives . . .”’ With this statement the author is in complete 
accord, having seen such sand-cement grout pumped through a 34-in. line 
without trouble, even when pumping was suspended 15 min. Sand-cement 
grout appears to be the best basic grout for large openings, combining high 
strength with economy, economy both because its cost per cubic foot is lower 
than that of neat-cement grouts and because less sanded grout is lost into 
fine openings. At the same time, there would seem to be a definite field for 
the use of admixtures in sanded grout, for modifying the grout to better suit 
special requirements. Thus, a few cents worth, per bag of cement, of calcium 
ligno-sulfonate, which increases mobility retention of grout, would probably 
increase considerably the length of time the grout could stand in a line or 
erack being grouted, without plugging it. Or, if the high strength of a straight 
cement-sand grout is not needed, the addition of admixtures such as diatomite 
or clay to sand-cement grout gives even greater economy as it permits a much 
higher proportion of sand to be used, because of the increased plasticity im- 
parted to grout by such admixtures. 


Straight sand-cement grouts require good mix proportioning because the 
ratios of sand, cement, and water are quite critical. Fairly small variations 
in the proportions of ingredients can make an unstable, unpumpable mix 
instead of a stable pumpable one. The unsatisfactory results experienced 
with sand-cement grout on some jobs could probably have been prevented 
by choosing mixes based on suitable laboratory studies. Requirements for 
stable sanded grout, not brought out in the author’s paper, are as follows:* 

1. The sand should be fine, preferably scalped on a 30-mesh screen. 


2. Mixing should be thorough and at as high a speed as possible to promote thixo- 
tropic breakdown. 

3. The W/C should be low enough to make the mix plastic instead of fluid, which 
requires a W/C generally between 0.95 and 1.3 (cu ft per bag). 

4. The proportion of sand to cement should not be too high, not over 2:1 unless the 
sand contains considerable material finer than 100 mesh. With 25 percent of 100 mesh, 
a stable, pumpable 3:1 mix is possible. 


The above requirements are based on tests of one set of materials and 
should be considered a guide rather than a substitute for tests made with 
local sand and cement for use on a particular job. 


*Based largely on experiments by the Concrete Division, Waterways Experiment Station, Corps of Engineers. 





Disc. 52-17 


Discussion of a report by ACI Committee 214: 


Evaluation of Compression Test Results of 
Field Concrete® 


By B. BERNHOLTZ, D. CAMPBELL-ALLEN, C. J. POSEY, EDMUND A. PRATT, 
FRED S. REAGEL, T. F. WILLIS and L. T. MURRAY, 
and COMMITTEE 


By B. BERNHOLTZT 


The continued appearance of articles in the technical literature provides 
ample evidence as to the growing use of statistical methods in analyzing 
strength variations in concrete. With time, the statistical techniques applied 
have become more sophisticated, going well beyond the construction of 
histograms to analysis of variance. Unfortunately, the literature also shows 
that many of these applications have been carried out improperly, so that 
incorrect conclusions have been drawn. In most cases, examination of the 
original data would have revealed this. 

The Committee 214 report illustrates this situation. I will confine myself 
to a few remarks since a complete discussion here would require re-writing 
the statistical aspects of the report. 

There is some confusion between within-test variance and within-batch 
variance, largely because the sampling procedure is not described. While 
the report refers to the existence of both types of variation, it claims chiefly 
to provide instructions for calculating the within-batch variance [see pp. 245, 
246 and 247, particularly Eq. (5) and (6)]. In the absence of a detailed 
account of the sampling procedure, I am led to conclude that actually, the 
instructions are for calculating the within-test variance. 

Eq. (7) for calculating the between-batch variance is incorrect. Using 
Eq. (7) leads to a “‘mongrel’’ quantity composed of both between-batch and 
within-batch variances. There is a standard method for separating these 
out by the use of the components of variance model in analysis of variance. 

Table 3, “Values of ¢,” is introduced as being needed for calculating f.,, the 
average design strength. Actually, the only parts of the table needed (and 
in the examples given in the report these are the only parts used) are the 
last line, corresponding to an infinite number of degrees of freedom,f and the 
sub-table entitled ‘““Other Values of ¢ for n — 1 =@.” Including the whole 
table can only lead to confusion. This is not to imply that the ¢ distribution 
could not be of value, but it must be used properly. 

*ACI Journatu, Nov. 1955, Proc. V. 52, p. 241. Dise. 52-17 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 


+Mathematician, Research Division, Hydro-Electric Power Commission of Ontario, Toronto, Ont., Canada. 
tWith an infinite number of degrees of freedom, the ¢ distribution reduces to the normal distribution. 
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The inclusion of the unnecessary values of ¢ appears to arise from confusi! 
population parameters with statistics estimating these parameters. 

The same confusion as to population parameters and statistics is to |} 
found in the discussion of control charts. The lower limits established fo 
the second and third charts of Fig. 4 (moving average for strength, moving 
average for range) are incorrect. 

Despite the above comments, I feel that the committee has done a valuabl: 
service for concrete technology by promoting the use of statistics and by 
providing a clear exposition, based on extensive field and laboratory ex 
perience, of the numerous causes contributing to variations in the strength of 
concrete. 


By D. CAMPBELL-ALLEN* 


The valuable report of ACI Committee 214 leaves one impression that is 
not strictly correct and may be wide of the truth—namely that if 90 percent 
of cylinder tests lie above a specified minimum f,’, then 90 percent of con 
crete produced will also lie above f.’.. As pointed out in a paper on this sub 
ject,t the relation of test results to production quality is one which can only 


be obtained by the use of sampling theory. 

If samples of say five specimens are taken at random to represent the con- 
crete production of each shift, then the appearance of one defective cylinder 
in ten does not necessarily mean that 10 percent of the shifts are of poo 
quality or that the quality in each shift has 10 percent defective. The cri- 
terion for acceptance of a shift is based on a sampling plan, of which the 
fundamental factor is the Acceptable Quality Level (AQL) in the products. 
The AQL is usually defined as the percent defective in a lot which when sub- 
mitted has a 95 percent chance of being accepted. I have proposed that for 
concrete work, an AQL of 5 percent defective is appropriate. If a sample 
of five specimens is used with this AQL, then a shift containing 5 percent has 
a 95 percent chance of acceptance, one containing 20 percent defective 
has about a 55 percent chance of acceptance, and one containing 40 percent 
defective has only a 20 percent chance of acceptance. Short of complete 
100 percent sampling (and no concrete left for construction), it is obviously 
not possible to ensure that only shifts containing less than 5 percent defective 
are accepted and the rest rejected. As in all concrete work, a compromise is 
needed. 

In an example (based on fictitious results) quoted in the same paper, out 
of a series of 50 tests representing ten shifts, 13 cylinders were below the 
minimum strength, but half of the shifts showed a quality level worse than 
the required 5 percent defective. Such an example emphasizes the differ- 
ence there may be between cylinder tests and the’ material represented by 
them. 


*Department of Civil Engineering, University of Sydney, Sydney, Australia. 
+Campbell-Allen, D., “The Theory of Sampling Applied to Concrete Control,” Civil Engineering and Public Works 
Review (London), V. 50, No. 587, May 1955, pp. 525-528. 





EVALUATION OF COMPRESSION TEST RESULTS 


This concise and well written report should do much to make engineers, 
ontractors, and materials suppliers aware of the need for measuring concrete 
variability. It provides a clear guide to the solution of problems arising from 
an annoying but ever-present characteristic of the results of strength tests. 


After more data on concrete variability have been gathered, the numerical 
values suggested as standards may have to be slightly revised. For example, 


one might expect high-strength cylinders to exhibit greater coefficients of 
variation than low-strength cylinders. When the crushing strength is low 
enough, failures through the particles of coarse aggregate do not have a 
chance to occur. With high-strength concrete the characteristics of the coarse 
aggregate particles, which may have different strengths in different directions, 
begin to have an additional variable effect. 


The numerical values of the coefficient of variation suggested as standards 
for “excellent” to “poor” control may be too low. With the values given, 
it would seem that few laboratories could reach the “excellent”? or even the 
“good” classification. Variability Among, laboratories is to be expected just 
as surely as variability among concrete cylinders. Perhaps ‘‘excellent’’ is 
intended to be such a classification that only the best of ten randomly-selected 
research laboratories could be expected to reach it. It would be of interest 
to know what data were considered and what was the guiding philosophy 
in the formulation of Table 2. 


In both the introduction and under ‘Variations in Strength” there is a 
strong implication that the variability would be solely due to lack of uni- 
formity in the strength-producing properties of the concrete mixture, if 
discrepancies due to tests could be eliminated. The reader should be warned 
against making this naive inference. Variability of test results can not be 
completely eliminated even when the utmost care is used in the preparation 
of identical specimens of materials of the most uniform composition, with 
the tests made under rigorously controlled conditions. This residual variation 
can be made small, to a limit depending upon type of failure of the material. 
It is especially difficult to reduce in the case of materials exhibiting brittle 
fractures. 


By EDMUND A. PRATTT 


The report of ACI Committee 214 is an excellent presentation of the appli- 
cation of statistical methods to the analysis of compression test results of 
concrete specimens. The unfamiliarity of many engineers with probability 
theory, however, makes it desirable to simplify and clarify the procedures 
as much as possible and in this way to encourage their general adoption. The 
purpose of this discussion is to suggest the simplification of one procedure and 
consideration of two other aspects of the problem. 


*Professor and Head, Department of Civil Engineering, State University of Iowa, Iowa City, Iowa. 
tConsulting Engineer, Berkeley Heights, N. J. 
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STRENGTH CRITERIA 


The committee notes that a sufficient number of tests should be made t 
insure accurate representation of the concrete and in Example 1 the record 
of 92 tests is employed in the evaluation of uniformity of production. Pro 
vided any number of tests exceeding 30 is used in computing the standard 
deviation it is possible to simplify considerably the computation of the re 
quired excess of average strength (f.-) over design strength specified (f,' 
to meet the criterion that not more than 1 in 10 tests (or such other propor- 
tion as may be adopted) should, on the average, show strengths less than 
f.’.. A single chart can be constructed from which the ratio f.,/f.’ can be read 
directly, instead of computing it by Eq. (8) after selecting a value of ¢ from 
Table 3. Fig. A shows such a chart. 
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To use Fig. A it is merely necessary to decide what proportion of test re- 
sults may be allowed to fall below f.’.. This determines which curve is to be 
used. If the coefficient of variation (V) that can be met by the producing 
plant is known, the corresponding ratio f.,/f,’ is read on the right-hand margin. 
If a definite ratio f.,/f.’ is prescribed (as in ACI 318-51, Sec. 302, Method 2) 
the value of V necessary to meet this requirement is read at the bottom of the 
chart. The broken lines in Fig. A represent the two cases given in Example 1. 

The equation of the curves of Fig. Ais simple. The ratio f.,/f.. = 100/(100 
— «V), where V is expressed as a percentage and z is the limit of integration 
of the normal probability integral. Values of x are tabulated as the argument 
in tables of the normal probability functions* whence the value of 2 cor- 
responding to any desired degree of probability can be taken. It will be noted 

*Such as “Tables of Normal Probability Functions,’ Applied Mathematics Series No. 23, National Bureau of 


Sa from the Superintendent of Documents, U. S. Government Printing Office, Washington, 





EVALUATION OF COMPRESSION TEST RESULTS 1169 


that Eq. (8) will produce curves of this type, provided values of ¢ are chosen 
from the last line of Table 3 and V is expressed as a fraction (not a percentage). 

The committee may find it desirable to clarify the use of the symbol V. 
In Eq. (4), (6), and (7) V, Vi, and V2 are percentages, while in Eq. (8) and 
(9) V and V, must be fractions. Uniform usage as percentages would involve 
the change in Eq. (8) indicated in the preceding paragraph and the intro- 
duction of the divisor 100 in Eq. (9). 

Normally, the upper two or three curves of Fig. A could be omitted (ex- 
cept for ultimate strength design) as they demand closer control than is 
ordinarily feasible or necessary. Also, it is unlikely that the lowest curve 
would be needed where any approach to effective control of production is 
enforced. Plotted on 20 x 20 cross-section paper Fig. A can be read with 
ample accuracy. For the two cases of Example 1 the values of f., based on 
this chart are within 2 psi of the computed figures. 


EVALUATION OF UNIFORMITY OF PRODUCTION 


It is customary, as in Example 1, to compute V from the root-mean-square 
of the total sum of squares of the deviations of test results, thereby including 
variations due solely to sampling and testing with the variations due to 
causes directly affecting production. This exaggerates the magnitude of the 
latter variations and requires a higher value of f. than is actually justified. 
Separation of production variations from those due to sampling and testing 
errors can be accomplished with a considerable degree of confidence by apply- 
ing the statistical principle that variances (7.e., squares of standard devia- 
tions) are additive, provided the causes of variation are independent, and 
subject to the further limitation that for accurate results the variances must 
be derived from a sufficient number of observations. 

There appears to be no doubt that production variations and sampling 
and testing variations are due to independent causes. Also, the 46 pairs of 
cylinders of Table 4 are sufficient to give a reliable estimate of the within- 
batch standard deviation. Utilizing the figures at the foot of Table 4, the 
sampling and testing (7.e., within-batch) variance is found, by squaring 246, 
to be 60,516. Subtracting this from the total variance of 167,464 leaves 
106,948 as the variance due to production factors. The square root of this 
number is 327 psi which, divided by X (3456 psi), gives 9.46 percent as the 
value of V. If f.- were to be computed on this basis it would need to be only 
1.14 times f.’, or 4560 psi for the 4000-psi concrete of Example 1, instead of 
4710 psi. At the same time, standard of plant control would pass from the 
category of “good” to that of “excellent” without any change in actual con- 
trol of manufacturing. Clearly the quality of sampling and testing is of con- 
siderable importance to the producer as well as to engineer, architect, and owner. 


REJECTION OF TEST RESULTS 


The report does not touch on the problem of “freak’’ test results, beyond 
the warning that too much weight should not be given to individual results. 
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There is a tendency of many persons to discard results that fall ‘too far 
from the average, or are “‘too far out of line.” This practice is to be de 
precated. The theory of probability on which statistical methods of analysis 
are based permits any result, though the occurrence of extreme values is im 
probable. Two examples of the effect of rejecting unwanted results wil! 
serve as illustrations. 

Defective capping may cause a test cylinder to show abnormally low 
strength and thus bring down the average strength of a group of specimens. 
Other defects of sampling and testing, though not so obvious, will similarly 
affect the average strength. But discarding such results tends to conceal 
the need for improvement of testing procedures. Separate evaluation of 
production variations and variations due to sampling and testing, as already 
suggested, would prevent extreme values such as these from improperly 
reflecting on production standards while leaving them apparent to demon- 
strate the need for better control of sampling and testing. 

The practice of discarding any test result that differs by 15 percent or 
more from the average of the group (see ACI Manual of Concrete Inspection, 
p. 152) would have the curious effect of insuring that a report of tests on a 
mix proportioned according to ACI 318-51 (Sec. 302, Method 2) would show 
all reported results as meeting specified design strength regardless of how 
many test specimens actually failed to do so. Applying this 15 percent 
“rule” to the test results shown in Table 4 would cause the rejection of 17 
of the 92 specimens, or 18) percent. This, incidentally, is in good agreement 
with the 1 in 10 criterion with V at 10 percent, according to which 20 percent 
of the results may be expected to fall outside the X + 15 percent limits. 
The apparent value of V would of course be seriously distorted. The un- 
warranted rejection of such a large proportion of test results would render 
statistical analysis meaningless for purposes of quality control. 

It is suggested that the committee might profitably include in a future 
report some warning on the undesirable effects of such practices as these. 


By FRED S. REAGEL* 


In general, it is believed that the application of statistical methods to 
concrete technology is long overdue and that this committee should be com- 
plimented for their efforts to eliminate this deficiency. However, in any 
application of statistical techniques it is extremely important that the basic 
assumptions be carefully scrutinized. In particular, it is believed that the 
assumptions underlying the choice of coefficient of variation as proposed in 
the committee’s report instead of standard deviation as a measure of vari- 
ability of compressive strengths for concrete design purposes should be ex- 
amined. 

The coefficient of variation as defined by Eq. (4) in the report is a function 
of the average strength, and for a constant variability in compressive strengths 
(constant standard deviation) will be different for different average strength 


*Engineer of Tests, Marquette Cement Manufacturing Co., Chicago, IIl. 
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TABLE A—VARIATION OF STANDARD | TABLE B—VARIATION OF COEFFICIENT 
DEVIATION WITH AVERAGE STRENGTH OF VARIATION WITH AVERAGE 
LEVEL STRENGTH LEVEL 





Coefficient of} Average Standard Coefficient of 
variation, strength, deviation, variation, 


Average | Standard 
percent psi psi percent 


strength, deviation, 


psi | pai 


= 
aa 
a 








2500 

54 3000 

= (Data from Table 4) 3456 09 (Data from Table 4) 
4000 


4500 





| 
| 
5000 
5i ¢ ‘ 5500 
y , 6000 


20 G0 00 00 G0 G0 G0 G0 Go 








levels. Conversely, when the coefficient of variation remains constant over 
a range of strengths the standard deviation will vary with the average strength 
level. Therefore, the coefficient of variation is the appropriate measure of 
degree of control only if the standard deviation of the compressive strength 
results varies with the average strength level. For example, Table A based 
upon Eq. (4) in the committee’s report indicates how the standard deviation 
changes with the average strength level when the coefficient of variation is 
assumed to remain constant. 

The method for determining the average concrete strength used in the 
committee’s report assumed that for a given degree of control the standard 
deviation will vary with the average strength level as illustrated above. 

On the other hand, if the standard deviation of compressive strength re- 
mains constant over a range of average strengths for a given degree of control, 
the coefficient of variation will vary with the average strength level as indi- 
cated in Table B. In this case the standard deviation would be the appro- 
priate measure of variation for concrete design purposes. 

The use of the standard deviation instead of the coefficient of variation 
would require that the following equation be substituted for Eq. (8) given in 
the committee’s report: 


where f.’ = design strength specified 
fer = required average strength 
t a constant depending upon the proportion of tests that may fall below f.’ 
and the number of samples used to establish ¢ 
the forecasted value of the standard deviation (a table similar to Table 2 
based on standard deviations would have to be established) 


Which of the foregoing alternatives is appropriate for evaluating com- 
pressive strength results? To answer this question, it is necessary to de- 
termine whether the standard deviation or the coefficient of variation remain 
constant for a given degree of control. So long as only a narrow range of 
strengths is used and both the standard deviation and coefficient of variation 
were determined for an average strength within this range, either method will 
give similar results for f... However, in modern concrete technology which is 
characterized by a wide range of applications requiring widely different 
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strengths, the difference in average concrete strength obtained from thes: 
two methods becomes significant. For example, Table C compares th 
average concrete strength obtained by both methods of calculation using th: 
coefficient of variation and standard deviation from Table 4 and ¢ = 1.282 
as the basis. 


TABLE C—COMPARISON OF AVERAGE STRENGTH 





| Required average concrete strength in order that 90 percent 


of test results exceed the design strength, psi 
Design strength, psi 





Based on coefficient Based on standard 
of variation of 11.8 percent deviation of 409 psi 


| 

2356 | 2524 
3535 3524 
4713 4524 
5891 5524 
| 7069 6524 








If the standard deviation of 409 used in Table C had been determined 
from test results showing an average strength of 2500 psi instead of the 3456 
psi average of Table 4, the coefficient of variation would have been 16.3 per- 
cent and the differences in required average strength would have been even 
greater, as indicated by Table D. 


Only one article, presenting sufficiently comprehensive data to indicate 
which of the foregoing methods is appropriate, has come to the attention of this 
writer. ‘The Variability of Concrete and Its Effect on Mix Design,” by 
F. R. Himsworth, Proceedings, Institution of Civil Engineers (London), V 
Part 1, No. 2, Mar. 1954, pp. 163-200, presents data which tend to indicate 
that the standard deviation is the appropriate measure of variation to be 
used for the evaluation of compressive strength data. If the conclusions of 
this article are correct, caution should be exercised in using Eq. (8) to de- 
termine the required average concrete strength for strength levels widely 
differing from the average strength at which the coefficient of variation was 
determined. In this case, the use of the equation gi en herein would seem 
to be more appropriate. 


TABLE D—COMPARISON OF AVERAGE STRENGTH 





Required average concrete strength in order that 90 | percent 
of test results exceed the design strength, psi 
Design strength, psi 





Based on coefficient Based on standard 
of variation of 16.3 percent deviation of 409 psi 


2528 2524 
3792 3524 
5057 | 4524 
6321 5524 
7585 6524 














EVALUATION OF COMPRESSION TEST RESULTS 
By T. F. WILLIS and L. T. MURRAY* 


At the inception of this discussion, we would like to commend the com- 
mittee for promoting the application of statistical methods to the twin prob- 
lems of measuring the “‘control’”’ of concrete manufacture and of promulgat- 
ing realistic specifications for the strength of job concrete. Proper use of 
such methods should go far toward the solution of both problems. Since the 
report is one of the pioneer attempts to provide generalized directions for the 
application of statistical methods to the problems of the concrete industry, 
it is inevitable that some errors should be present, and further, that there 
should be areas of disagreement regarding the statistical methods most adapt- 
able. In our discussion we shall attempt to point out some of these. 


TABLE 2 OF COMMITTEE REPORT 


This table gives the limits of the coefficient of variation for various quali- 
tative ratings of the degree of control exercised over the concrete manu- 
facturing and testing operation. The limits purportedly were obtained from 
“experience from a large number of projects and are based on average condi- 
tions.” The writers have insufficient information on which to judge the 
validity of the proposed limits, and are wondering if the committee had 
comprehensive information that the proposed limits are consistently applicable 
to any class of concrete or mixing plant and are not impractically narrow. 
Consider the limits for “good control” (10.0 to 15.0 percent). It can be 
demonstrated that a mixing plant, having an over-all coefficient of variation 
of 12.5 percent for a certain class of concrete, could produce concrete for a 
job on which 20 tests are made, with a one-in-nine chance of obtaining a job 
coefficient of variation of greater than 15 percent, even though no element of 
the control or testing practices had been changed one iota. Occurrences of this 
could lead to no little confusion. Perhaps the table should be labelled “ten- 
tative.” 

No boundaries are stated in the table or context for scope of applicability 
of the tabular values which purport to measure the quality of control. Hence 
it is implied by Table 2 (and also by Example 1 on pp. 255-256) that, if the 
quality of control is maintained at the same level, a plant should expect to 
obtain the same coefficient of variation regardless of the class (average strength) 
of concrete being produced. For this to be so requires that the class average 
strength and standard deviation be correlated. 

As we interpret the report, strength tests of the various classes of concrete 
produced by a plant must have been considered in one of two ways: (a) 
as random samples of the same normally distributed population; or (b) as a 
series of distinctive, normally-distributed populations. If, as implied, the 
class average and standard deviation are correlated one must conclude that 
(a) cannot depict conditions, since it has been demonstrated for any normal 
distribution that the sample mean and standard deviation are stochastically 


*Chief of Research Section and Research Engineer, respectively, Division of Materials, Missouri State Highway 
Department, Jefferson City, Mo. 
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independent* and hence uncorrelated. On the other hand, if (b) represent: 
conditions there is certainly no a priori basis for presuming that a parameter 
of one population could be used to predict that of another. Moreover, ou: 
experience plus the few pertinent published data we have seen,f indicate 
that there is no empirical evidence for such a presumption. 


It, therefore, is our opinion that both producers and consumers should 
not be encouraged (as in Example 1) but warned against presently trying to 
apply a coefficient of variation, derived from tests on one materials com- 
bination and strength class of concrete, to the problem of predicting the 
variability of another class. We would recommend for current practice that 
a plant establish several estimates of the coefficient of variation (if they 
intend to use this measure of variability; on which, more later), one for each 
general strength class produced. For example, a plant whose product may 
cover the entire commercial range of strengths should establish different co- 
efficients, based on tests of concretes containing the actual materials in the 
proportions used for producing each of the following strength classes: 


2000-2750 psi 
2750-3500 psi 
3500-4250 psi 
4250-5000 psi 
over 5000 psi 


The estimate, for the class which will contain f.,, could then be used with 
Eq. (8) without too great danger of costly error. 


COEFFICIENT OF VARIATION VERSUS THE STANDARD DEVIATION 


The committee’s proposal for using the coefficient of variation instead of 
the standard deviation, as the measure of variability of test results, seems 
unfortunate for the following reasons (in all of which it is assumed, with the 


committee, that we are dealing with approximately normally distributed 
populations of concrete strength tests) : 


(a) While, mathematically the coefficient of variation is a ratio of the two constants 
(or parameters) necessary to define any specific member of the family of normal distri- 
butions, by itself it cannot uniquely describe such a member, there being required in 
addition knowledge of either the mean or standard deviation. Hence, it has no advan- 


tage over the standard deviation for this purpose, but has the disadvantage of requiring 
additional arithmetical calculation. 


(b) The sampling distribution of the coefficient of variation v, 7.e., the distribution of 
the expected values of the coefficients of variation for random samples drawn from a 
large population of data, is a rather complex mathematical function and is rarely avail- 
able in standard texts on statistical methods. As a consequence of this, and also of the 
limited utility of the coefficient of variation, there are (insofar as we have been able to 
discover) no published tables giving values of the integral of its probability density 


% for a seaoret Mood, A. M., Introduction to the Theory of Statistics, McGraw-Hill Book Co. .New York, 1950, 
pp. 
‘idee fort instance Table IV of “Studies of Uniformity of Copeaunive Strength Tests of Ri -Mixed Concrete," 


by . |. a, ASTM Bulletin, No. 206, May 1955; Table E of discussion of “Strength Variations in Ready- 
ix 


nerete,"’ by W. K. Wagner ACI JOURNAL, Dee. 1 955, Part 2, Proc. V. 51, p. 772-15; both of which indicate 
little uniformity in V for different c of concrete. 
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function. Hence, there is readily available no simple method of establishing confidence 
intervals for estimates of the population coefficient of variation V or significance levels 
of tests of hypotheses regarding two or more sample coefficients of variation, unless one 
assumes that the sampling distribution is normal. Actually this distribution approximates 
normality only for small values of V, and large values of n, otherwise it is considerably 
skewed.* This skewness persists even for the distribution of the v of samples larger than 
20 from a population with a V as small as 0.10. It thus appears that a sizable propor- 
tion of practical problems in concrete technology will deal with skewed sampling dis- 
tributions of v, and hence an assumption of normality could lead to highly erroneous 
inferences regarding the confidence interval of the V for the population, and also to 
ignorance of the true significance levels at which hypothesis (regarding v for different 
samples) are being tested. 

(c) The coefficient of variation has the superficial appearance of being capable of 
indiscriminate substitution for the standard deviation in a number of statistical formulas 
which will be widely used when more concrete technologists become familiar with statis- 
tical methods. This misleading characteristic has already resulted in some fallacious 
applications and interpretations being recorded in concrete literature. 

(d) The only advantage of the coefficient of variation over the standard deviation 
is that the former is a dimensionless magnitude expressing the variability as a propor- 
tion of the mean; but this is no unmixed blessing since this characteristic probably con- 
tributed to some of the aforementioned fallacious applications by encouraging state- 
ments, about the relative variability of distinctively different populations of concrete 
tests, based on the v of samples therefrom. 

(e) Judged on the basis of the aforementioned characteristics, the standard deviation 
is a much superior statistic for describing the variability of a set of data. Its calculation 
requires one less arithmetical step than the coefficient of variation. Along with the mean 
it fully defines any specific member of the family of normal distributions. For large 
samples, regardless of its magnitude, the sampling distribution approximates nor- 
mality and, while this distribution is skewed for small samples, it has been fully investi- 
gated and tables of values for the integral of the probability density function are avail- 
able in any standard text on statistics. This permits establishment of valid confidence 
intervals and tests of hypotheses at statable significance levels. Furthermore an equa- 
tion, based on the standard deviation, can be substituted for and perform the intended 
function of Eq. (8). 


To summarize, a standard deviation can be used in every situation where 
the coefficient of variation is legitimately applicable, and a number where 
the latter is not. It, therefore, seems unwise to initiate a statistical methodology 
for even a limited segment of concrete technology around a less efficient and easily 
misapplied statistic when a better and more generally applicable one is available. 


EQ. (8) OF THE REPORT 


For previously stated reasons, the writers incline rather strongly to use 
of the standard deviation, rather than the coefficient of variation, in appli- 
cations of statistics to concrete technology. If this be done, Eq. (8) of the 
report must be modified and becomes 


n-—1 
where S = o as defined by Eq. (2) of the committee report. 


a the committee has definite knowledge, or anticipates that concrete technology will frequently be 


fa =fé +t yt s 


concerned with samples of n <30; otherwise they would have used the standard normal variate, instead of ¢, in Eq. 
(8) and included a table of the former instead of Table 3. 
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Attention is called to the fact that Eq. (8) of the report is incorrect if | 
is defined by Eq. (4) on p. 244; the former should be 


fe = 100 _ 
"100 — iV 


SPECIFICATIONS FOR STRUCTURAL DESIGN 


Item 4 under the above heading states “the average of all 28-day strength 
tests... , as well as the average of any five consecutive strength tests . . . , 
should be equal to or greater than the required concrete strength f.,, and not 
more than one strength test in ten should be less than the specified design 
strength f,’.” 

Let us assume with the committee that any group of strength tests of a 
specific class of concrete is normally distributed. We can also assume, with 
little departure from actuality, that any causes of variation in these tests 
are operating entirely independent of the sequence of tests; and hence sub- 
groups consisting of five consecutive tests may be effectively considered as 
random samples from the main group. Furthermore, it can be demonstrated 
for any normally distributed group of data that the averages of subgroups, 
consisting of randomly selected individuals of the main group, are them- 
selves normally distributed with a mean value closely approximating the 
over-all average of the main group. It, therefore, follows that the average 
of the subgroups of five consecutive tests for a specific job will be normally 
distributed about the average of the entire group. This means that only a 
little over 50 percent of the averages of such subgroups of tests can be ex- 
pected to equal or exceed the average for the entire group; which makes it 
virtually certain that the average of one or more subgroups of five consecutive 
tests will be less than f.,.* 

To illustrate with a numerical example, suppose we have a job on which 
one test is made from each of nine batches and the test results numbered 
1, 2, 3, . . . 9 in the sequence of making. This group of tests will contain 
five subgroups, each consisting of five consecutive tests as shown below: 





Subgroup /Consisting of test No. 





Ist 
2nd 
3rd 
4th 
5th 








Since the probability that the average of any specific subgroup will equal 
or exceed the average of the main group is roughly one-half, the probability 


*An example of this can be obtained by analyzing the data for cylinder No. 1 in Table 4 of the committee report. 
If the averages of the subgroups (consisting of each five consecutive tests) are calculated, it will be found that 
close to 50 percent are less than the average of the entire group. 

tHow close this approximation will be depends on how accurately the compression test is measured; but even 
if we class all gubgroup averages falling in the interval z to z — 0.1e as equaling the group average, this prob- 
ability increases only to 0.54, so one-half is close enough for illustrative purposes. 
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that all the subgroups will equal or exceed f., is (144)° = 1/32; hence the prob- 
ability that one or more subgroups will fall below the group average is 1 — 
1/32 = 31/32 or 97 percent.* 

It, therefore, appears that if this specification were applied, a concrete 
producer could calculate f., for the permissible proportion of tests falling 
below f.’, furnish concrete meeting the latter requirement and having an 
average strength exceeding f.,, and yet be subject to better than nine chances 
in ten of suffering whatever penalty may be imposed for having the average 
of some subgroup of five consecutive tests fall below f.. Even though en- 
dowed with our full share of consumer bias, this seems to us a mite unfair 
to the producer. 

As a matter of fact, the whole of Item 4 under this subhead is confusing, 
in that elements of a specification are intermingled with directions to a pro- 
ducer on how to design his product to meet the specification. Ordinarily 
consumers will not be interested in the average strength of the concrete 
produced, but only in whether less than the allowable proportion of tests 
falls below the design strength f.’. It, therefore, seems that all reference to 
fe could be eliminated from the specification. If the consumer insists on 
protection against consecutive tests falling below f.’ (although under any but a 
continuous sampling plan we fail to see any practical value of such pro- 
tection), he can so specify without unfairness to the producer. For instance 
if the consumer specification allows one test in ten to fall below f.’, a further 
requirement that no two consecutive tests should fall below f.’ would subject 
the producer to only one chance in 100 of being penalized, providing the 
concrete meets the first requirement. 


SUGGESTIONS 


Based on our study we would recommend that the committee give con- 
sideration to the following: 
(a) Deletion of all reference to the coefficient of variation. 
(b) Revision of Table 2, to include limits of variability for different strength-classes of 
concrete based on the standard deviation rather than the coefficient of variation. 
(c) Substitution of 


n+1 


n—1 


le aaa fe +t S 


for Eq. (8) of the report. 

Inclusion of examples of solution of practical problems which will emphasize that to 
obtain the best predictions these should be derived from estimates of the variability 
of the specific strength-class of concrete involved in the problem. 

Revision of the section on “specifications,” eliminating the requirement regarding 
the averages of subgroups of five consecutive tests and all reference to fr. 


COMMITTEE CLOSURE 


Committee 214 is indebted to Messrs. Reagel, Posey, Pratt, Campbell- 
Allen, Bernholtz, Willis and Murray for their contributions to the efforts of 


*The greater the number of tests on a job, the greater the number of subgroups of five consecutive tests; hence 
the larger the probability that the average of at least one subgroup will fall below fr. 
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the committee to prepare a suitable standard for the control of the strength o: 
concrete. Discussions of important ramifications of the report are mos 
welcome since it gives the committee the benefit of additional informatio: 
and provides an opportunity to present supporting data for actions taken. 
The important question raised by Mr. Reagel and Messrs. Willis and 
Murray regarding the relationship between the standard deviation and the 
coefficient of variation was one of the first questions considered by the com- 
mittee. Experience of individual committee members indicated a preferenec 
for the coefficient of variation, but because of conflicting views in the litera- 
ture a need for specific data was indicated. Consequently 360, 6 x 12-in. 
cylinders were made for strength tests at 28 and 90 days age. One-third of 
the cylinders came from a series of 20 identical mixes having a W/C of 0.41 
by weight. The second third had a W/C of 0.50, and the third, 0.60. The 
summarized results shown in Table E indicate a definite correlation between 


TABLE E—SUMMARY OF TEST SERIES 





Variations in compressive strength 





Water-cement 28-day strength* 90-day strength* 
ratio by 
weight psi o 





o 





0.41 © 6010 277 ’ 402 
0.50 4400 185 ‘ 268 
0.60 3600 169 ' 208 




















*Each value, average of sixty 6 x 12-in. cylinders. 


the mean and the standard deviation. These data are representative of a 
number of recent test series investigated and support the committee’s sub- 
sequent action of adopting the coefficient of variation as a general guide for 
the standards for concrete control. 

The Himsworth article mentioned by Mr. Reagel was also considered by the 
committee. One set of data supporting Mr. Himsworth’s conclusions, that 
the standard deviation is more constant, came from the United States “ASTM 
Report on Significance of Tests,” 1943. A check of the original data showed 
that the tests were made in 1918, hand mixed, proportioned by volume, and 
compacted by rodding at a slump estimated from 1/3 to 1 in. We do not 
question the accuracy of these results but there is strong evidence that they 
may have been influenced by variables which no longer exist under present 
practices. It is probable that before the use of air entrainment and finer 
cements, the additional cement required for higher strengths would improve 
the uniformity of cylinders because of increased plasticity, anc reduced 
bleeding and segregation. Other considerations are mentioned by Professor 
Posey. 

The committee realizes that under certain conditions, the coefficient of 
variation will not be uniform for different values of the mean depending 
upon the specific factors which may influence the strength. The suggestion’ 
of Messrs. Willis and Murray is important. The standard deviation (co- 
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efficient of variation) for each class of TABLE F—QUALITY STANDARDS* 
concrete should be established to com- rae 
. ‘ Coefficient | 
pute the required strength in each case. ~ ah 
It should also be emphasized that for variation, | Quality of control 
the analysis of a specific set of data asia ; ‘ 
the methods of arriving at the required Under5 | Probably attainable only in 
: ‘ | well-controlled laboratory 
strength using either the standard de- | tests 
viation or the coefficient of variation 
produce identical results. We agree 
with Messrs. Willis and Murray that Ov 
the standard deviation is theoretically §—=£——¥—_____L- 
~ Bs ae *From ‘Control of Quality of Ready-Mixed Con- 
superior to the coefficient of variation crete,” Publication No. 44, National Ready Mixed Con- 
but would ant be on easily eed = crete Association, Washington, D. C., 1953. 
understood by the average concrete TABLE G—QUALITY STANDARDS* 
engineer, particularly in view of its ———~————- 
possible correlation with the mean. eo 
° . 0 
Substantiating data for Table 2, variation, Kind of operation 
requested by Messrs. Willis and percent 
Murray and Professor Posey, came 5 | Probably attainable only in 
from extensive test results supplied a laboratory 
° * } ASUS 
by the Bureau of Reclamation, Fig. B, | Excellent, approaches labora- 
which are further substantiated by 





to Excellent 
to Good 

to Fair 

er Poor 


tory precision 
Excellent 


published approximations, Tables F Good 
and G. Fair 


Fair minus 


On the basis of committee stand- 25 Bad 


ards, 17 percent of the Bureau projects = 
can be classed excellent. A coefficient *From ‘Quality Control of Concrete, Its Rational 


Basis on Economic Aspects,” by Niels Munk Plum, 
of variation of 10 percent is approxi- Proceedings, Institution of Civil Engineers (London), 


May 1953. (Presented originally by Stanton Walker, 
mately equal to (V — o,) and 15 per- {th,,Antual. Convention, “Ready Mixed “Concrete 
cent is about the mean for all jobs. On 
this basis the committee expects that in general 17 percent of all projects 
will be excellent, 33 percent good, 33 percent fair, and 17 percent poor. Simi- 
larly the committee expects that in general one testing laboratory in six will 
be classed as excellent. These values for laboratory control are not un- 
realistically low as indicated by Table E. 

Table 2 of the report provides and should be considered only as a rough 
guide for general comparison of the quality of concrete control and cannot 
be expected to be completely accurate under all conditions or for limited 
periods of time. 

The committee feels that the “Analysis of Variance,” although a valuable 
statistical method, will not add sufficiently to the general evaluation of con- 
crete strength, in view of the more complex computations involved, to warrant 
inclusion in the report. This should be left to the student of statistics rather 
than the average concrete engineer. Because of the danger of misuse of the 
principle of addition of variances and the complications of separating the 
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Fig. B—Frequency of yearly 
Committee 2/4 - Standards control values of approxi- 
Excellenta« Good - Fair te Poor mately 100 projects of the 
Bureau of Reclamation over a 
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within-batch, and between-batch variances, as mentioned by Mr. Bernholtz, 
future revisions of the report will be limited to analysis of the over-all varia- 
tions, within-batch and within-test variations. There is justification for 
using the over-all variations rather than the between-batch variations, as 
suggested by Mr. Pratt, in computing the required strength since concrete 
that goes into a structure is also subjected to variations in placing, segrega- 
tion, compaction, and curing after the concrete sample has been secured. 

The suggestions for simplification of the report by Mr. Pratt are appreciated 
and will be considered in future revisions. The discussion of “rejection of 
tests’ is timely and should be included in the committee report. One rule 
states that a sample should not be rejected unless it deviates more than 5 
times the “probable error” from the mean, but tests should be considered 
with suspicion if they deviate more than 31% times the “probable error.’ 

Mr. D. Campbell-Allen has pointed out a significant implication of the 
report that should be removed. The inability of small samples to accurately 
represent a population is well established but concrete is generally used in a 
structure before the defectives are known. Committee recommendations are 
based on the assumption that if sufficient tests have been made to establish 
a reasonable estimate of the strength distribution it can be considered a 
reasonably accurate estimate of the distribution of strength of a structure. 
The value of committee recommendations to the concrete user is the prob- 
ability that if the average strength is equal to f.,, in the long run there will 
be no more than the allowable amount of low strength concrete produced. 
Control tests provide a check on this assumption. 
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Mr. Bernholtz is correct in his assumption that the report deals primarily 
with the within-test variation. Evidently there is also confusion outside of 
the committee regarding the use of the value ¢. A previous draft of the re- 
port contained only values for ¢ for n — 1= & as suggested by Mr. Bernholtz. 
It was suggested to the committee that values for samples less than 30 be 
included since the é-distribution is a symmetrical curve which is more widely 
dispersed than the normal curve and the fewer the degrees of freedom the 
wider the dispersion. This is a convenient method of allowing for the un- 
reliability of small samples. Possibly its greatest contribution is to dis- 
courage the use of too few tests to evaluate data. 


The discrepancies in the section on “Specifications for Structural Design” 
pointed out by Messrs. Willis and Murray and in the control limits pointed out 
by Mr. Bernholtz will be corrected. 








Disc. 52-18 


Discussion of a report by ACI Committee 210: 


Erosion Resistance of Concrete in Hydraulic Structures” 


By F. T. MAVIS, C. J. POSEY, and COMMITTEE 


By F. T. MAVISt 


In presenting the relation between competent bottom velocity and trans- 
portable sediment size (p. 263 and Fig. 6, p. 264) the committee has given 
encouraging support to a functional relation which has had its ups and downs 
at least 170 years. A velocity criterion of competence was perhaps first 
proposed by DuBuat! in 1786. For all the support this criterion received 
in the intervening years, the velocity criterion was often brushed aside in 
considering river hydraulics problems by advocates of other criteria—for 
example, criteria of slope-depth, velocity gradient, vorticity, and others. (The 
history of bed-load studies has been traced by Hooker? and Mavis.*) Yet for 
just such situations as those considered by the committee, velocity at or near 
the bottom of the stream bed (bottom velocity) combined with grain size and 
specific gravity, provide the only workable basis for estimating competence to 
transport sediment. 

While experiments made under carefully controlled laboratory conditions 
can lead to formulas with probable errors of perhaps 3 percent in this case, 
such precision is unnecessary and unwarranted in practice. 


For example, the formula proposed by Mavis in 1935 (p. 50 of reference 3) 
Ve = Yd'* (s —1)% 


(which is identical with one formula plotted in Fig. 6) was later compared, 
in reappraisal, with the formula 


= 4d % 


(which is identical with the other formula plotted in Fig. 6).4 All data avail- 
able to the authors from 1786 to 1948 were plotted in making this reappraisal 
—and, considering the interval of more than 160 years then, the consistency 
of bottom velocity criteria and observed competence is pretty good! 


REFERENCES 


1. DuBuat, Principes d Hydraulique, Paris, V. 2, 1786, pp. 91-98. 
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2. Hooker, Elon Huntington, “The Suspension of Solids in Flowing Water,’’ Transactior 
ASCE, V. 36, 1896, pp. 239-340. 

3. Mavis, F. T., Chitty Ho, and Yun-Cheng Tu, “The Transportation of Detritus | 
Flowing Water—I,” Bulletin No. 5, Studies in Engineering, University of Iowa, 1935, pp. 5-37 

4. Mavis, F.T., and Laushey, L. M., “Formula for Velocity at Beginning of Bed-Load 
Movement Is Reappraised,” Civil Engineering, V. 19, pp. 26-27, 60. (Originally presented 
before the International Association for Hydraulic Structures Research, Stockholm, Sweden 
June 7-9, 1948.) 


By C. J. POSEY* 


This well-written and excellently illustrated report will prove to be of 
great value to the hydraulic engineer. The writer finds it to be deficient at 
only one point, namely Fig. 6, including the paragraph referring to it. The 
graph gives the size of rock particle that can be moved along the bed of a 
stream as solely dependent upon the bottom velocity. Actually, other factors 
not mentioned such as the depth of the stream and the specific gravities are 
of at least equal importance. The problem is not a simple one, and is the 
subject of a considerable literature in hydraulics; see, for example: Part I of 
Proceedings, Minnesota International Hydraulics Convention, 1953; Separate 
No. 565, Proceedings, American Society of Civil Engineers; and Bulletin No. 
34, State University of Iowa Studies in Engineering. 


The problem of erosion of concrete by abrasion is not as easily susceptible 
of theoretical study and laboratory model investigation as that of erosion by 
cavitation. It is evident that more field studies are needed. 


COMMITTEE CLOSURE 


It is interesting that Professors Mavis and Posey both commented on 
Fig. 6. Both pointed out that factors other than bottom velocity and grain 
size, such as specific gravity and stream depth, are of importance in esti- 
mating competence to transport sediment. The committee was aware of 
these factors but did not consider their influence of major importance in this 
case where the intent was mainly to give the designer of hydraulic structures 
an idea of the velocities that would transport sand and rocks across a concrete 
surface. 


The curves in Fig. 6 which were taken from Berry’s thesis were based on 
data from the paper by F. T. Mavis, Chitty Ho, and Yun-Cheng Tu, “The 
Transportation of Detritus by Flowing Water,” published in 1935, and some 


50 other sources. It is gratifying that Professor Mavis’ more recent compila- 
tions check Fig. 6 so closely. 


The committee agrees with Professor Posey that it is difficult to obtain 
abrasion results in the laboratory with water transporting solids over the 
concrete. However, sufficient data have been obtained by other tests to 
indicate definitely what properties of concrete improve its resistance to 
abrasion. These have been discussed in the report. 


On p. 266, third line, under “aggregates” it is stated “that the maximum 


*Head, Department of Civil Engineering, State University of Iowa, Iowa City, Iowa. 
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size aggregate should be limited to 34 in. where cavitation might occur.”” A 
re-examination of the data on which this statement was based indicates that 
although mortars were much more resistant to cavitation than concrete, that 
there was little or no difference in the resistance of concrete containing aggre- 
gate graded up to 34 in. maximum and that containing aggregate graded up to 
1% in. maximum, the largest size used in the test. Concrete containing 
smaller size aggregates usually shrink more than concrete containing larger 
aggregates and this should not be overlooked in making the choice of maxi- 
mum size aggregate to use in the structure. 








Disc. 52-19 


Discussion of a paper by Lewis H. Tuthill and William A. Cordon: 


Properties and Uses of Initially Retarded Concrete’ 


By CECIL H. BEST, HIROTSUGU KIMISHIMA, and MILOS POLIVKA, 
B. MICHELIS, EMIL SCHMID, and AUTHORS 


By CECIL H. BEST, HIROTSUGU KIMISHIMA, and MILOS POLIVKATt 


Messrs. Tuthill and Cordon have addressed themselves to a real problem 
of the concrete industry, and should be commended for the work reported 
in their paper. The writers wish to discuss the authors’ simple, yet ingenious, 
method of evaluating the effectiveness of retarding agents upon the harden- 
ing characteristics of concrete. 


During the progress of a series of tests on retarders, under the direction 
of Prof. Raymond E. Davis, some question was raised as to the validity of 
the proposed test procedure, and the writers were prompted to investigate 
some of its aspects further. There was definite evidence that different brands 
of cement affected the reproducibility of results as well as the action of a 
given retarder. Question arose as to the reproducibility of readings obtained 
with the Proctor penetration apparatus because of the difficulty encountered 
in maintaining the needle perpendicular to the mortar surface and in pene- 
trating the mortar at a uniform rate, especially at higher loads. The test 
requires the handle of the apparatus to be depressed with a force as high 
as 100 lb while the penetration is simultaneously observed. Furthermore, 
it is necessary to work the shaft slightly in a horizontal direction to reduce 
friction in the apparatus. It was felt that the necessity of reducing the needle 
size during the course of the test until the needle diameter was less than the 
maximum size aggregate in the mortar also might contribute some error. 


ALTERNATIVE TEST APPARATUS 


To insure a vertical and steady penetration, and to eliminate friction, the 
writers designed the alternative penetration apparatus pictured in Fig. A. 
It also permits, if desired, the use of a single needle (1/5 sq in. in bearing 
area) throughout the range of the test. It consists of a rack-and-pinion 
assembly mounted on a welded steel frame attached to the base of a Toledo 
scale having a dial graduated in pounds from 0 to 1000 lb. The total me- 
chanical advantage of this apparatus is 16. The lower end of the rack is 
drilled and tapped to accommodate the standard Proctor needles. The 


*ACI Journat, Nov. 1955, Proc. V. 52, p. 273. Dise. 52-19 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete INsTITUTE, Vv. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
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apparatus permits l-in. penetrations 
to be performed easily at a uniform 
rate throughout the range of the test. 
Since it had been observed in previous 
tests that the rate of load application 
has a pronounced effect on the re- 
sistance value obtained, the time re- 
quired for a l-in. penetration was 
arbitrarily chosen as, and maintained 
at, 3 sec. 

A series of tests was conducted in 
which both the Proctor penetration 
apparatus and the alternative device 
were employed. These tests were per- 
formed on mortars wet-screened from 
concretes containing two brands of 
Type II portland cement. Six sepa- 
rate tests were conducted for each 
cement with each penetration ap- 
paratus. To insure ample penetration 
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Fig. A—Alternative penetration device 


area, two 6 x 6-in. cylindrical mortar samples were employed for each test. 
The average results, shown in Fig. B, indicate that values obtained with 
the Proctor penetration apparatus agree closely with those obtained with the 


alternative device. 


EFFECT OF DIFFERENT CEMENTS ON REPRODUCIBILITY OF RESULTS 


The effect of brand of cement on reproducibility of results, as determined 


for two brands of Type II cement, is shown in Fig. C. 


There is little varia- 
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Fig. B—Compcrison of results obtained with the Proctor penetration apparatus and the 
alternative penetration device 
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Fig. C—Effect of brand of cement on the reproducibility of results 


tion among the 12 trials in which brand A cement was employed, but a con- 
siderable variation is evident for those containing brand B cement. Con- 
siderable stiffening, immediately after mixing, was noted for concretes con- 
taining brand B cement. The slump of these concretes decreased from 3 in. 
to 1 in. within 5 min after mixing. However, the slower hardening charac- 
teristics of mortars containing this brand B cement would make it the more 
desirable of the two cements tested. The large variation in results pro- 
duced by brand B cement is not understood in view of the fact that the con- 
cretes employed and the test procedures followed were otherwise identical 
for all trials. Obviously, any such variation would make it difficult to employ 
this cement in attempting to evaluate the retarding characteristics of an 
agent. 


EFFECT OF DIFFERENT CEMENTS ON RETARDING ACTION 


To evaluate the effect of different brands of Type II cement on the effec- 
tiveness of a given retarder, a series of tests was conducted employing the 
Proctor penetration apparatus in the manner prescribed by the authors. The 
results, shown in Fig. D, reveal that this particular retarder, when employed 
with brand C (high-alkali) cement, showed no appreciable retardation of 
hardening. With brand D (low-alkali) cement, however, the same retarder 
produced a marked reduction in the rate of hardening. The same amount of 
retarder was employed with each cement. 


This large difference in the action of the retarder with cements of two 
brands demonstrates again that the retarding characteristics of an agent 
should be evaluated with the particular cement with which it is to be em- 
ployed. The authors found a similar but smaller variation, as shown in their 
Fig. 3 and 4, indicating that a different amount of retarder would be required 
for each one of the cements to produce the same degree of retardation. 
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Fig. D—Effect of brand of cement on the action of a given retarder 


EFFECT OF VARYING NEEDLE SIZE 


To determine the effect of needle size on the results obtained with the 
penetration apparatus, a needle having a bearing area of 1/5 sq in. was used 
throughout one trial in the alternative device. The results were compared 
with those obtained with the Proctor apparatus in which the needle size was 
changed as required. It was noted that, up to the vibration limit as defined 
by the authors, the results were essentially the same. Above the vibration 
limit, however, the use of the larger needle (1/5 sq in.) caused radial cracks 
around the circumference of the penetration hole, and the indicated resis- 
tance to a l-in. penetration (psi) was generally lower than that obtained 
with needles of varying size. 


GENERAL OBSERVATIONS 


It is important to the reproducibility of results to maintain some definite 
schedule throughout the preparation of the mortar specimens from the time 
that mixing of the concrete starts until completion of the casting of the speci- 
mens. A definite schedule should also be maintained in the removal of bleed- 
ing water. Since there is a tendency for water to drain out of the mortar 
into any well left by a needle penetration, with subsequent stiffening of the 
mortar adjacent to the well, it is advisable to distribute the penetrations 
symmetrically over the available surface to obtain greater uniformity. For 
the same reason, the two containers employed by the writers in each trial 
were alternated for successive penetrations. 

It was noted that, even after bleeding stopped, certain areas on the sur- 
face of the mortar appeared wetter and invariably exhibited less resistance 
to penetration than areas of mortar of more uniform appearance. These 
“soft spots” should be avoided. 
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CONCLUSIONS AND RECOMMENDATIONS 


The method proposed by the authors appears basically sound and simple to 
perform. The poor reproducibility obtained by the writers for one brand of 
cement (Fig. C) is no reflection on the apparatus or the method, but clearly 
indicates that such a cement would be unsuitable for use in evaluating the 
effectiveness of a retarder. The advantage of the alternative apparatus 
devised by the writers lies not in increased precision but rather in greater 
ease and steadiness of operation, and minimum dependence on the technique 
of the operator. 


In evaluating the effectiveness of a retarder by the method proposed by 
the authors, the writers feel that it is essential to include the following sup- 
plementary procedures: 

1. Perform a sufficient number of trials to obtain the hardening characteristics of the 

control mortar containing no retarder. If a large variation in the resuits of the 
several trials is obtained, as in those for brand B cement (Fig. C), it would appear 


difficult, if not impossible, to obtain a definite evaluation of the effectiveness of the 
retarder. 


Determine the optimum amount of retarder to be employed with the cement in 
question to obtain the desired hardening characteristics. The writers’ data show 
that a given retarder can produce radically different results with different brands of 
cement. Similar differences, but of smaller magnitude, were obtained in the tests 
performed by the authors. 
During the actual test: 
a. Maintain a definite schedule in preparing the specimens and in pouring off the 
bleeding water. 
. Perform each penetration in some predetermined fixed length of time. 
. Distribute penetrations in symmetrical fashion. 
. Leave at least 2 in. clear distance between penetration holes. 
. Alternate mortar specimens for successive penetrations if more than one specimen 
is used. 


By B. MICHELIS* 


On a state highway relocation around a portion of the reservoir to be created 
by the Monticello Dam in California, numerous small drainage structures 
were required throughout a distance of 11 miles. The quantity of concrete 
was small, which made use of truck mixers attractive. Concrete placing 
operations were started in cool winter months and extended into early hot 
summer months. The haul distance from batch plant to job site was approxi- 
mately 35 miles, hauling time being 11% hr or more. During the early summer 
months and on the long hauls, considerable loss of slump was experienced 
with a subsequent loss of workability. 

During the early part of May, 1955, when air temperature approached 
90 F and considerable loss of slump and workability was being experienced, a 
comparative field test, with and without the water-reducing retarder desig- 
nated by the.authors as agent PP, was performed to determine its effective- 
ness as a retarder on these long hauls. Several mixer loads were sent to the 


*Materials Engineer, U. S. Bureau of Reclamaticn, Solano Project, Calif. 
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TABLE A-—COMPARISON OF MIXES WITH AND WITHOUT RETARDING AGENT 


iC rompressive strengt 
| 6 x 12-in. 
specimens, psi 
Air, = — 
percent | _ T-day 


| 

} 

| 
671 | 274 | 1067 | 1019 | 1087 0.26 79 0.48 3120 | 4740 
565 | 288 | 1056 | 1009 | 1076 om 82 (0.51 2200 3910 


Agent PP, Concrete 
Batch weights, lb per cu yd percent tem- 
————— >, ——__,——_ | weight of perature, ba os. 
Cement | Water Sand | %-in. |1}4-in. cement deg F 








TABLE B—EFFECTS OF RETARDING AGENT 


Agent PP, Concrete | } 
percent of tem- 
Cement, | Pozzolan, | Water,| weight of | perature, fn }Slump,| Air, 
Ib per | lb per lb per cement | deg F C+FP| in. |percent 
cuyd | cuyd cu yd | | 


Compressive strength, psi 
time in days 





| 2230 | 3580 3670 
3750 | 5040 5520 
1910 | 3410 | 3810 
2280 | 4300 | 4580 








field with no agent and several with the retarding agent added. It was ob- 
served that concrete containing the retarding agent retained the desired 
workability until placement. Other concrete which contained no retarding 
agent had the usual loss of slump and loss of workability. The low percent 
of entrained air in both mixes was attributed to the long mixing time. Test 
specimens were cast from both concrete mixes for strength comparisons; 
results are shown in Table A. Total water in the mix containing the retarder 
was 5 percent less than in the mix without the retarder. 


Water-reducing retarder PP was also used experimentally in the project 
field laboratory to ascertain its effect on time of set, reduction in water re- 
quirement, and amount of air entrained in mass concrete. This sample of 
retarder PP had an interground air-entraining agent so it was desired to know 
the amount of air it would entrain prior to using it in a field test. A mix con- 
taining 6 in. maximum size aggregate was made with two cement contents, 
each with and without pozzolan. Strength test specimens (6 x 12-in.) were 
made from each mix from concrete wet-screened through a 1%-in. screen. 
Test results are shown in Table B. 


From these tests, it was determined that a reduction in water content of 
more than 14.0 percent was obtained with agent PP when no pozzolan was 
used and more than 7.5 percent when pozzolan was used, and that additional 
air-entraining agent was not required to obtain the workability desired in the 
field. Also, addition of retarder PP equivalent to 0.26 percent of the weight 
of cement caused concrete workability to be retained in excess of 4 hr. 

These field and laboratory tests indicate that by using a lignin-based 
water-reducing retarder such as PP, a significant reduction in water-cement 
ratio is obtained when cement content remains the same. This would permit 
some reduction in the cement required to obtain as much strength as is avail- 
able from the mix without the agent. 
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By EMIL SCHMID* 


The authors have presented a most interesting, original, and well-docu- 
mented paper. Congratulations are particularly in order for having de- 
veloped a long sought test method to determine the setting and hardening 
rates of concrete. This method is simple, reliable, and excellent both for 
research and laboratory, and for control in the field. The results can be 
correlated with time limits for placing, vibrating, finishing, and stripping of 
accelerated, normal, or retarded concrete of any composition and under any 
field conditions. 

The paper deals primarily with results obtained with lignin sulfonate 
types of retarders. To complete the record, would the authors publish addi- 
tional results secured since that time using the adipic-acid type of retarder 
to show its influence in various proportions at various temperatures? 

Fig. 5 shows that acceleration caused by increasing temperatures is not 
the same percentagewise for all cements when a retarder is used. Would 
these cements without a retarder show the same pattern? Would the setting 
time of nonretarded concrete be influenced to the same degree by changes in 
the water-cement ratio as is shown in Fig. 6 for set retarded concrete? 

Is information available to show whether retardation caused by the various 
lignin sulfonate compounds can be correlated to the concentration or type of 
lignin sulfonate and their sugar contents? 

The authors’ performance requirements ask for a retarding and wetting 
agent. To clarify the requirements, ‘‘water-reducing” might be substituted 
for “‘wetting.”” The water reduction should be caused by retardation and 
not by wetting. (A wetting agent would only speed the rate at which water 
wets cement; cement, being hydrophilic, no wetting aids are needed. A 
wetting agent will not necessarily reduce the water content. Water reduc- 
tion, if any, caused by wetting agents, would be due to the fact that most of 
them reduce the surface tension of water, which simultaneously results in 
often undesirable and uncontrollable air entraining.) 

The ideal retarder would be one that causes exactly the same effect as that 
caused by lowering the temperature. Crushed ice would be one such ideal 
admixture, but not the only one. What can be done physically by lowering 
the temperature, can also be done chemically by the use of catalysts. In the 
same manner as lowering the temperatures, such catalysts will only retard 
the chemical reaction between cement and water. The reduction in the 
mixing water is caused by reduction of the gel formation, which, in turn, is 
the reason the setting time is retarded. Water reduction and retardation 
then go hand in hand, in the same manner and to the same degree as caused 
by lowering temperatures. The action of lowering the temperatures or of such 
catalysts is only on the cement. Their effect is not influenced by changes 
in the type or gradation of aggregates, the water-cement ratio, the mixing 
time, or other mix or job conditions. The adipic-acid type of retarder men- 
tioned by the authors is one of such catalysts. Because of its specific effect 


*Vice-President, Sika Chemical Corp., Passaic, N. J. 
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it gives predictable, uniform retardation and water reduction and thereb: 
permits excellent control of concrete in the field. 


Using a minimum quantity of such a retarder at low temperatures and 
increasing its proportions with increasing temperatures, the setting time 
and a low water-cement ratio can be maintained in the face of changing field 
conditions and temperatures. This results in concrete structures that have 
high uniformity and structural quality and are more resistant to water pene 
tration, abrasion, and cracking. 


The first large-scale use of such a retarder was reported by the senior author 
in “Concrete Operations in the Concrete Ship Program.”’* It is stated that 
“this admixture also increased 28-day strength about 5 percent which some- 


times was needed, and increased the slump from 4 to about 6 in. with the 
same water content.” 


This stated increase in strength and slump for equal water content was 
obtained by adding only a nominal quantity of retarder. It would be equi- 
valent to results obtained by a temperature reduction of approximately 15 F 
and confirms the authors’ data obtained 10 years later. 


Ultimate strengths can be increased considerably using recommended 
proportions of a set retarder. The time at which the strength of set-retarded 
concrete exceeds regular concrete strength varies with the proportion of 
retarder used. For a 50 percent retardation of set, retarded and nonretarded 
concrete reach 2000 psi at about the same time, usually in 2 to 4 days. 
Strengths over 2000 psi are reached faster when a set retarder is used. Strengths 
of 4000-5000 psi needed for post-tensioning, for instance, can be reached in 


about one-half the time when a suitable retarder is used, resulting in a con- 
siderable saving of time. 


Among the many interesting uses retarders have had in addition to the 
ones listed by the authors are: 


1. Slip-form construction to obtain slow set for placing without cold joints, and rapid 
build-up of strength to speed jacking of forms without danger of cave-ins. 

2. To prevent concrete for slabs from setting overnight, and thus save overtime by 
finishing floors the next morning. 

3. To eliminate construction or cold joints in tank or other watertight construction, 
by placing a lift with a sufficient quantity of retarder to keep this concrete plastic 
until the succeeding lift is placed. 

To permit revibration of concrete after bleeding has ceased and thus to achieve 
higher compaction and to expel water and air pockets. 

To prevent cracking of concrete by retarding the set so that formwork deforms 
when concrete is still plastic. This novel application was reported in Engineering 
News-Record, Mar. 10, 1955, in an article by C. R. Barrett, describing spandrel 


beams, and in Construction Methods & Equipment, August, 1955, covering bridge 
decks. 


It is a credit to the authors for having brought this promising and interesting 


subject before the industry in such a comprehensive and well presented 
manner. 


nn H., “Concrete Operations in the Concrete Ship Program,” ACI Journat, Jan. 1945, Proc. V. 41, 
PP. , . 
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AUTHORS’ CLOSURE 


The authors and the concrete industry are indebted to the writers who 
have discussed this paper, for the useful refinements in testing they have de- 
vised, for additional data on field trials, and for suggestions of other advan- 
tageous uses of water-reducing retarding agents. Since the original paper was 
prepared in 1954, additional test data and field experience have been obtained 
which will be included in this closure. 

We too have become increasingly aware that performance of the various 
water-reducing retarding agents varies considerably with different cements. 
Fig. E illustrates the effect of several different cements (Table C) on re- 
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Fig. E—Retardation is different with different cements, using the same amount of the 
same retarding agent 


tardation obtained with lignin-based and adipic-acid type water-reducing 
retarding agents PP and PS. Regardless of why these variations occur, and 
the reasons for few if any of them are understood, the practical fact remains 
that seldom will it be feasible to change the cement on a job to improve or 
make more uniform the performance of a given water-reducing retarder. We 
agree, therefore, that performance specifications for such agents must require 
that the performance requirements be met with job cement. Presumably, 


TABLE C—COMPOSITION OF CEMENTS REPORTED IN FIG. E 





Blaine 
Na,O | Pe 2S Y3 »,AF fineness, 
sq cm per g 





M-1222 0.11 .£ 3.4 7.6 3460 

9893 0.13 | ; 5.: 5 3240 
M-2212 0.17 ; ; 5. 3300 
M-1700 0.07 : § 6 3314 


| | 
9969 | 0.21 | Vg f 9! 2697 
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if the job cement proved to be one with which reproducibility of results | 
difficult, it would be necessary in such a case to require that decision be base: 
on the average of some prescribed number of tests. However, from the con 
siderable slump loss reported by Best, Kimishima, and Polivka, in concret: 
using cement B of Fig. C, this cement is suspected of having false setting 
characteristics; this might explain its erratic performance with a retarder. 

Aside from variation in normal performance with some lignin-based agents, 
there have been exhibited with some cements not having false set, concret: 
characteristics suggestive of false set soon after mixing but prior to the vibra- 
tion limit of workability. In these cases the time to vibration limit is not 
appreciably shortened, but workability is impaired, slump loss is greater, 
and the concrete has a dull and lifeless look. Performance requirements should 
also mention the unacceptability of such an effect with job cement. 

The Best-Kimishima-Polivka experience indicates little or no retardation 
may be found with a high-alkali cement as shown in Fig. D. To whatever 
extent alkali content will affect performance of a water-reducing retarder, 
this will simply be another possible hazard each agent will face in performance 
tests in which job cement must be used. 

We are glad to have the confirmation of the reliability of the rate-of-hard- 
ening measurements using the Proctor needle, which was provided by the 
precise apparatus devised by Best, Kimishima, and Polivka and shown in 
Fig. A and B. This is reassuring since the Proctor needle is so generally 
available and not difficult to use, in field or laboratory. The lower resistance 
to penetration in concrete hardened beyond the vibration limit, noted with the 
BKP apparatus using a needle of constant end area, is regarded as unim- 
portant in view of the consistency and reliable comparability of the indication 
provided by the Proctor needles with end areas progressively reduced as the 
concrete hardens, to keep the necessary exertion of pressure under 100 lb. 

Additional test data requested by Mr. Schmid will be found in Table D. 
Corresponding information on a typical lignin-based agent, PP, is included 
in this table. Fig. F and G illustrate rate of hardening performance of con- 
cretes with various amounts of both agents reported in Table D. 

In Table D it will be noted that mix groups 3, 1 and 2, and 11, 9 and 10 
include mixes with 1 percent of calcium chloride by weight of the cement. 
These tests were made to see if, at lower temperatures when retardation 
caused by the agent might be unnecessary or even undesirable, calcium 
chloride might be used to offset the retardation and permit the benefits of 
the agent, in reduction of unit water content, to remain. At a temperature 
of 50F, calcium chloride with agent PS in liquid form resulted in a further 
reduction in water content while keeping the vibration limit at about the 
same time as when no agent was used. As a similar effect was obtained with 
agent PP, this technique would permit advantage to be taken of these agents 
to reduce unit water content in all seasons. However, it would appear that 


less calcium chloride is necessary with agent PP to keep the time to the vibra- 
tion limit unchanged. 
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Fig. F—Hardening of concrete is increasingly retarded as the percentage of retarding 
agent PP is increased 


Indications are that accidental overdosage, if not too extreme, can be con- 
siderable without serious damage to ultimate concrete strength. In Table D, 
mixes 52, 53, 54, and 55 comprise a series in which 1 percent, or 3 or 4 times the 
normal dosage, was used. Mix 52 is the control without agent. Mix 53 contains 
an overdosage of lignin agent PP. Mix 54 is the same with an air-detraining 
agent because mix 53 entrained 11 percent air. Mix 55 contains an overdosage 
of adipic-acid agent PS. 
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Fig. G—Hardening of concrete is increasingly retarded as the percentage of retarding 
agent PS is increased 
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Mixes 53 and 54 reached the plastic limit in 36 and 32 hr and did not show 
any strength gain until after 7 days. They had only about half the expected 
strength at 28 days, but at 90 days they had strengths comparable to the 
control, keeping in mind that mix 53 had 11 percent air. 4 

These results indicate that for all practical purposes it is certainly possible 
to use too much of this agent. However, with half this overdose in mix 17, 
normal strength was obtained in 2 days and later ages, but the time to reach 
the vibration limit still was nearly twice the usual time. Also, we have a re- 
port of a case where lignin-based materials were used and some of the concrete, 
which may have contained an overdose at least for the cold weather in which 
it was placed, was not set 24 hr later. Although this concrete was replaced, 
specimens of it hardened and showed the following strengths: 1 day, 938 
psi; 3 days, 2690 psi; 5 days, 3821 psi; 7 days, 4167 psi; 14 days, 5005 psi; 
28 days, 5220 psi; and 90 days, 6101 psi. (Ages are from time specimens 
were cast 1 day after concrete was placed.) The regular mix was testing 
approximately 3500 psi; possibly greater water reduction with the overdose 
accounted for some of the added strength. Other, somewhat similar cases 
have been reported. 

Mix 55, with a 4-times-normal overdose of 1 percent of adipic-acid type 
water-reducing retarder PS, although taking 61 hr to reach the vibration 
limit, 35 hr later, 4 days after mixing had a strength of 1160 psi and con- 
tinued to gain strength as shown in Table D at the ages indicated after mix- 
ing. There was no impairment in 28-day and later strengths in comparison 
with control mix 52 or other mixes with lesser doses of this agent. 

It should be noted that water reduction with agent PS does not increase 
as the dosage is increased. Water requirement stayed at 230 to 233 lb per cu 


TABLE E — TECOLOTE TUNNEL LINING (OUTLET PORTION) CONCRETE MIX DATA 


Data items Without agent PP* With agent PP* 


| 
| 
Sand, percent, lb per cu yd i 1007 | 34 1012 


No. 4-% in.; percent, lb per cu yd 245 | 9 280 
34-84 in.; percent, lb per cu yd 702 | 26 807 
34-11 in.; percent, lb per cu yd | 36 1068 | 31 964 
Cement, lb per cu yd 570 554 
Pozzolan, lb per cu yd | 102 | 100 
Water, lb per cu yd 298 270 
Air-entraining agent, cc 283 80 
Water-reducing retarder None 1.75 lb per cu yd 
W/C +P 0.44 0.41 

Slump, in. 3.9 
Entrained air, percent 3.1 
Average temperature as placed, deg F 89 | 
28-day strength, psi 4390 | 
Number of tests 33 


Cubic yards represented, about 4006 16,000 





Sand from Santa Clara riverbed: specific gravity, 2.54 
Gravel from Grimes Canyon terrace: specific gravity, 2.63 








*Agent PP is a calcium-lignin-based water-reducing retarder. 
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yd for dosages ranging from 0.2 to 1.0 percent. Through a similar range 
dosages, agent PP reduced water requirement from 231 to 200 lb per cu yd 
in the usual practical dosages of 0.3 and 0.4 percent, strengths were accord 
ingly higher for about the same cement content. 

Table E shows results of use of lignin-based agent PP in concrete for lining 
of the outlet portion of Teeolote Tunnel which substantially corroborate the 
results reported by Mr. Michelis. In this table, showing concrete data for 
the tunnel lining, it will be noted that a significant number of tests show thai 
average strength was increased some 20 percent, somewhat more than would 
ordinarily be expected from a drop in unit water content of 28 lb per cu yd 
and a drop in W/C from 0.44 to 0.41. 

Information which has accumulated from various independent sources 
supports the conclusion that agents are available which under many condi- 
tions will advantageously reduce unit water content and prolong workability. 


As we stated previously, the economic desirability of using such an agent 
will depend on the cost of using it. 





Disc. 52-22 


Discussion of a paper by Andrew Gallia: 


Design of Prestressed Concrete Multi-Beam Bridges 
with Diaphragms and Stiffened Exterior Beams” 


By Y. GUYON, P. B. MORICE, E. VAN WALSUM, and AUTHOR 


By Y. GUYONT 


Mr. Gallia’s method, in the case where the ratio of the moments of inertia 
of edge beams and interior beams is equal to 1, should lead to the same re- 
sults as those we have obtained for multibeam bridges with equal beams. 

Our parameter defining bracing flexibility is, with Gallia’s notations: 


b! 4 po a, 
2 


where b’ = nb, (n being the number of beams). 
In the case of the numerical application given in the paper, 0 = 0.374, 
and the comparison is given in Table A. 


TABLE A—COMPARISON OF METHODS 


Load on 
| Method — an 
} ! B C D 
Frac ation of los “y Gallia 
supported by 
beam F | Guyon 


~0.056 | +0.064 | +0.2 


—0.047 | +0.064 | +0.2 


—0.15 


Fraction of be a | Gallia 
supported by 
beam D | Guyon 


| 
+0.063 | +0.131 | +0.180 | +0.208 | 


+0.080 | +0.123 | +0.168 | +0.200 | 


| 
| 
| 
ted % 


The concordance is excellent and, as Gallia’s method is more connected to 
Leonhardt’s than to ours, this table is a proof of the concordance of the latter 
two, as it had been already shown by Massonnet. 

Gallia’s paper completes the previous studies in a simple way, and will be 
useful to the designers. 

We think however that attention should be called to some difficulties 
which are common to all the methods, and to discuss their incidence on the 
accuracy of the results. 


*ACI Journat, Nov. 1955, Proc. V. 52, p. 327. Disc. 52-22 is a aor s copyrighted JouRNAL oF THE AMERICAN 
Concrete InstituTE, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V 
tConsulting Engineer, Paris, France. 
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1. The moment of inertia of diaphragms is not exactly known. It depend 
on the effective width of slab cooperating with the web of this diaphragm 
In Timoshenko’s Theory of Elasticity this effective width, in the case of a 
continuous beam, would be about 1/3 the span between two supports, 7.c. 
here, 6,/3; but this is obviously of no value in case of deformable supports 
The effective width generally adopted (and Gallia makes this assumption 
would be a,/6 on each side of the web. But some engineers think that almost 
the full distance between diaphragms should be taken into account because 
the slab, stiffened by the longitudinal beams, is tied to the deflection of the 
web more closely than in ordinary T-beams. 


In addition, the moduli of elasticity of the slab, if cast in place, and of the 
prefabricated members may be quite different, which creates another un- 
certainty in the ratio of flexural rigidities. 

It is thus seen that this ratio is not known to a better approximation than 


about 40 percent, which means that the actual value could vary from 0.6 to 
1.4 of the assumed value. 


Errors which result from these uncertainties are not serious, as far as the 
distribution of loads between the beams is concerned. In our theory EI/EI, 
enters in the parameter 0 by its fourth root, and the error in 6 could not be 
more than + 10 percent. In Gallia’s theory, X, when assumed to be 100, 
could be in fact as well 60 or 140. But, in both cases, at least when the bridge 


is not too wide, errors on load distribution between the beams do not seem to 
be over about 10 percent. They could be probably greater in the case of ex- 
tremely wide bridges. 

Errors in the stresses in the diaphragm, and hence in the value and eccen- 
tricity of the necessary prestressing force, may be slightly greater. 

If it is assumed that the prestressing force keeps the eccentricity which 
has been given by the position of the cables, 7.e., if the parasitic reactions due 
to the stiffness of the beams are neglected, it would be found that the pre- 
stressing force should be, in the numerical example of the paper, 63 tons if the 
effective width is 5 ft, and 75 tons if the width is 15 ft. 

2. But a greater difficulty is precisely these parasitic reactions. Their 
computation is rather intricate and is never done; however it would show 
an important incidencevon the real distribution of prestressing in the critical 
sections. 

In the case of the numerical example of the paper (with the characteristics 


given by Gallia for beams and diaphragms and H’ = 2), this computation 
may be made in the following manner. 


Assuming first that the diaphragm would be free, an eccentric prestressing 
would give to it a circular shape, of known radius, but at an unknown level 
for the chord—hence two unknowns: level of central diaphragm and level of 
lateral diaphragm chords. 

Connection of diaphragms with beams induces 18 forces, which, due to 
symmetry, are reduced to six unknown forces. 
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There is a total of eight unknowns and eight equations, six expressing that 
resultant strains are the same for beams and diaphragms at their intersections, 
and two expressing that on the same diaphragm the complementary forces are 
in equilibrium. 

We have found the following parasitic reactions on the diaphragms, assum- 
ing a prestressing force of 63 tons at an eccentricity of —10.5 in. (positive 
sense upwards): 


A | B | Unit 


Central diaphragm +3.14 —0.36 —2.7! tons 
Lateral diaphragms —1.23 | —0.10 +-1.3: tons 


These forces reduce the geometrical eccentricity at midspan of the central 
diaphragm and increase it at midspan of the intermediate diaphragms. The 
reactions on beams (equal and opposite to the above) increase the bending 
moment in edge beams, and reduce it in interior beams. 

Fortunately the cables in the slab itself introduce parasitic reactions of 
opposite sense. 

At total, the reduction of eccentricities in diaphragms and the bending 
moments induced in the beams would be reduced by half, in comparison with 
what they would be in the case of the eccentric prestressing alone as con- 
sidered above. 

The eccentricity would thus be reduced by about 25 percent in the central 
diaphragm, and increased about 10 percent in the lateral diaphragms. Bend- 
ing moments in exterior beams would be increased by about 5 percent, and 
reduced about 7 percent in interior beams. 

However, we do not have to worry too much about the accuracy of our 
calculations. .Experience shows that the behavior of more than 400 bridges 
built along these calculations is excellent. But it is likely, when heavy loads 
have been supported, because a beginning of adaptation has reduced the 
difference between computations and the theoretical behavior. 

Hence arises the question of validity of elastic calculations since we know 
that it is practically impossible to take everything into account. Would it 
not be more convenient to try methods based on ultimate strength? 

Supposing that the wheel loads would be increased in the ratio of the de- 
sired safety factor, and supposing that the resistance of the beam is smaller 
than required by the elastic theory, the bridge cannot fail as long as the 
effective resistances of the individual beams are allowed to find a distribution 
—different from the elastic one—which secures the equilibrium of the dia- 
phragm under the external loads and the reactions exerted by the beams. 

This distribution will adjust by itself, a reaction increasing no further 
when the deflection of the beam reaches the phase where big deformations 
begin without noticeable increment of the load. 

On the other hand, if the resistance of the diaphragm is smaller than re- 
quired by elastic theory, a plastic hinge under constant moment will appear 
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in the final phase. If elastic deformations are neglected in front of plastic 
deformations, the diaphragm can be considered as taking a polygonal shape, 
with straight parts between the plastic hinges; hence again a redistribution 
of reactions of the beams and of moments in the diaphragms. 

The proper base of such calculations would be the load-deflection diagram 
of the beams. But as it varies from one case to another, simplifications must 
be used. Such simplifications are admissible when they lead to an increase 
in the resisting moments of beams and diaphragms. 


By P. B. MORICE* 


Mr. Gallia’s paper does not appear to the writer to have any advantages 
over the original no-torsion analysis of Guyon and it appears to be more 
restricted and less easy to apply. The apparent difficulty of a stiffer edge 
beam is a small one and may be simply overcome either by solving a pair of 
simultaneous equations or by applying a formula developed by Massonnet. 
That fact that Mr. Gallia’s proposed method is not capable of incorporating 
the effect of the torsional stiffness of the structure makes its use restricted 
in the field of concrete bridge decks, where we have found that torsion has 
considerable influence, particularly on the transverse stresses. 

Mr. Gallia has attempted no verification of the results of his method by 
experiment and indeed one is left somewhat in doubt as to its likely applica- 
bility, being as it is a combination of parts of several different approaches. 
In the Guyon approach, the basic parameter for the performance of the bridge 
deck appears naturally from the solution of the governing differential equation 
and has the form: 


b 4/Im 


Ign 


This can be cast into the form of Mr. Gallia’s X’, whence 


ee re. 
6* I 2b, n* 


where the number of diaphragms (m) and main beams (n) obviously affects 
the performance. Mr. Gallia’s addition of stiffnesses X’ + X” = X is surely 
adrift since the slabs have a considerable “top-flange’”’ action with the beams 
and the suggestion to minimize this by forming a paper joint seems to fly 
directly in the face of economy and common sense. 


By E. VAN WALSUMt 


Undoubtedly many engineers will benefit from the useful information 
supplied in Mr. Gallia’s paper. 


*Cement and Concrete Association, Stoke Poges, England. 
{Structural Engineer, Foundation of Canada Engineering Corp., Ltd., Montreal, Que., Canada. 
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While the comprehensiveness of the article adds to its readability, it leaves 
a few points to the imagination of the readers. I would appreciate it if the 
author would supply additional information on the following three points: 

1. On p. 331 Mr. Gallia quotes the formula suggested by Newmark for 
transverse positive moments at the center of a panel of a deck slab. Can 
this moment be proportional to a, the span of the main beams? In the example 
a is left out of this formula. 

2. How is the factor c in this formula determined? 

3. On p. 333, different values of c are tabulated for varying v/b. How is 
the governing value of v determined? 


AUTHOR'S CLOSURE 


I am pleased to acknowledge the comments by Messrs. Guyon, Morice, and 
Van Walsum. Main points of their comments I wish to discuss are these. 


Economy of proposed bridge structure 

In structures with equal beam stiffness (H’ = 1) and great transverse 
stiffness, the exterior beams can be more heavily loaded than the interior 
beams. The design has then to be governed by these heavily loaded ex- 
terior beams leading to overdesigned interior beams and resulting in un- 
economical bridge structures. 

This condition may be avoided by using exterior beams with greater stiff- 
ness than that for interior beams (H’ > 1) and both exterior and interior 
beams can be designed to attain their fll working stress, resulting in much 
more economical use of material.* 

Fig. A shows that for X = 40, and H’ = 1, the design for beam A should 
be based on a value of 26.8 percent of the total moment, and the design value 
for beam C is only 19.6 percent of the total moment. 

On the other hand for X = 40, and H’ = 2, the percentage of total 
moment (17.4) taken by the inside beam C will govern the design, because 
although the percentage (34.0) taken by beam A is higher, this latter beam 
has a much greater value of resistance. 


The usefulness of stiffened exterior beams can be more clearly shown by 
comparing beam bridges with slab bridges when four equal wheel loads are 
placed on the transverse centerline of the bridge considered (Table B). 


Distribution method 

My investigations were based on Leonhardt’s distribution method but I 
could have used equally well Guyon’s method with similar result. For strue- 
tures with equal beam stiffness (H’ = 1) the concordance of the two methods, 
as shown by Mr. Guyon, is really excellent. 
Diaphragms 

In prestressed concrete beam bridges it is in most cases essential to tie the 
beams together with transverse cables through diaphragms, spaced at a 


*Gallia, A., ‘Prestressed Concrete Grid Bridges with Stiffened Exterior Beams,” ¢ 
V. 29, No. 9, Oct. 1956, pp. 24, 25. 
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maximum distance of about 20 ft. These diaphragms are most effective as 
transverse load distributors but their stiffness should vary according to the 
intended effect. 

Case (1). Centerline of loading on centerline of bridge—In this case the 
effectiveness of the diaphragms in distributing wheel loads will increase as 
the stiffness factor X increases. 

Case (2). With an outside wheel over an exterior beam (or even outside an 
exterior beam, 7.e., on the cantilever portion of the deck slab)—In this case, 
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Fig. A—Two conditions of loading for maximum moment to beams A and C 
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TABLE B—COMPARISON OF BEAM BRIDGES WITH SLAB BRIDGES 


Bridges without stiffened edge members 





Slab bridges without stiffened edges Beam bridge with equal beam stiffness 
and diaphragms 


Design governed by eccentric loading, i.e., an out- To be designed for eccentric loading, i.e., an out- 
side wheel near the edge of the slab. Central side wheel over an exterior beam. Leads to 
region of the slab will be overdesigned by 20-40 overdesigned interior beams. 

percent. 


Bridges with stiffened edge members 


Slab bridge with stiffened edges | Beam bridge with stiffened exterior beams 
and diaphragms 


Designed for concentric loading, i.e., the centerline of loading on centerline of bridge. A check for case 
when wheels are shifted toward a curb or sidewalk will be satisfactory in all practical cases. The result is 
economical use of the material. 


as an increase in X does not necessarily result in a decrease in the percentage 
of moment taken by the exterior beam, an increase of the stiffness factor X 
will not always improve the load distribution. 

Fig. A shows the two conditions of loading for maximum moment to beams 
A and C and also gives the value of these moments in terms of the total moment 
on the bridge. It will be observed that the action of the diaphragms in dis- 
tributing the wheel loads is also illustrated. 

I would like to thank Mr. Guyon for his criticism and I can add nothing 
to his remarks about the effective width of the diaphragm flange and parasitic 
reactions on the diaphragm. I find his suggestion to try methods of ultimate 
strength most interesting and wish to express my appreciation. 

Mr. Morice’s criticism was interesting. However, no doubt can be held 
as to the applicability of the method. This statement is borne out by the 
agreement with Mr. Guyon’s result. It is conceded that no verification of 
the results by experiment was attempted. This was largely because it is 
difficult to duplicate exactly in the laboratory the condition likely to be apper- 
taining in an actual bridge structure, a fact which no doubt Mr. Morice 
appreciates from his own experiments in this field. 


Newmark’s equation 

Below, I have endeavored to provide the answers to the questions posed 
by Mr. Van Walsum. 

1. For simply supported beam bridges without diaphragms and a & 60 ft, 
Newmark suggests 


and for spans with a > 60 ft 


M 
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It should be noted that, relatively speaking, the effect of the term [P(a — 60)] 
1000 on the equation as a whole, will be small. 

For continuous beam bridges, a is to be taken as the distance betwee 
points of contraflexure in the region considered. 

For simply supported multibeam bridges with several diaphragms, I suggest 


using the equation which may, in this instance, be applied to any length of 
span: 
P 
M = ae i ae 
c 
3+ 10—- 
b, 


2. Newmark suggests for H-15 and H-20 loadings that ¢ = 15 in. C. T. 


Morris (Bulletin No. 80, Ohio State University Studies Engineering Series) 
proposes that the diameter c may be taken as 1 in. for each 1000 lb of load on 
the wheel. The diameter of the contact area is also mentioned in “Concrete 
Pavement Design’ published by the Portland Cement Association (p. 16). 

3. By placing the center of the circular area at a distance c from the edge 


of the diaphragm and having a diaphragm width of 6 in. we get v = 15 + 
6/2 = 


18 in., which determines the approximate governing value. 





Disc. 52-23 


Discussion of a paper by C. B. Van Allstine: 


Mixing Water Control by Use of a Moisture Meter’ 


By ROBERT F. ADAMS and RALPH J. ELFERT, JR., E. M. HARBOE and 
G. G. HOAGLAND, B. MICHELIS, and W. H. WISNISKI 


By ROBERT F. ADAMS and RALPH J. ELFERT, JR.t 


The Bureau of Reclamation has long been interested in equipment and 
procedures to improve uniformity of concrete as mixed. The electrical re- 
sistance type of moisture meter described in Mr. Van Alstine’s paper provides 
a rapid and practically effortless means of measuring the moisture in the sand, 
one of the complicating factors in obtaining uniform concrete in many mix- 
ing plants, especially when the moisture varies rapidly and widely such as 
occurred at the Denver Water Board’s Reservoir No. 22 Dam and at the 
Bureau of Reclamation’s Hungry Horse Dam. The electrical moisture 
meter shows the moisture content of sand before it goes into the mixer and 
corrections can be made in time to do some good. The flask, pycnometer, 
oven, hot plate, alcohol, and other methods are slow and time-consuming, 
and the results are available too late to be useful since they only show the 
moisture content that existed some time ago. In central mixing plants and 
concrete plants for large construction jobs, these methods are made obsolete 
by the electrical resistance moisture meter except as they are required for 
calibration procedures. A moisture meter is particularly valuable in such 
plants because few are arranged so slump adjustments can be based on the 
appearance of concrete in the mixers. 

Our interest in moisture meters dates from the building of Grand Coulee 
Dam 20 years ago when some development work was done. The need for a 
moisture meter at Hungry Horse Dam because of rapid fluctuations in sand 
moisture prompted the concrete engineers on this job to build a moisture 
meter based on their knowledge of the Grand Coulee Dam experiments. 
While this meter was not refined so that it could be relied on to show the 
moisture content of the sand, it did show when the moisture was changing 
and warned the mix plant operator and inspector to make appropriate adjust- 
ments. 

Bureau engineers watched with interest use of the moisture meter at Reser- 
voir No. 22 Dam and as a result of its helpful performance, specified a moisture- 
indicating device for the concrete plant at Monticello Dam now under co 
struction. 


*ACI Journat, Nov. 1955, Proc. V. 52, p. 341. Disc. 52-23 is a part of copyrighted Journat 
Concrete InstiTuTE, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
tMaterials Engineers, Engineering Laboratories, U. 8S. Bureau of Reclamation, Denver, ‘ 


1209 





1210 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 195¢ 


By E. M. HARBOE and G. G. HOAGLAND* 


The electrical resistance of a volume of sand is affected by many factors 
other than the moisture content. Variations in compaction, grading, type of 
aggregate, dissolved salts, temperature, and proximity of metal all affect the 
meter reading. Sands of different mineralogic composition present widely 
varying calibration curves and a moisture meter would have little value in a 
plant using sand that fluctuated in composition. Fortunately, however, most 
batch plants are not faced with this condition. The variations caused by 
other factors in many cases are also either small or occur so gradually that 
they can be compensated for. At Reservoir 22 favorable conditions existed 
for the use of a moisture meter. The meter was maintained within a reason- 
able degree of accuracy by making a calibration check by the flask method 
on one sample of sand at the beginning of each shift. A rheostat in the meter 
circuit provided an easy means of adjusting the meter reading. The results 
presented by Mr. Van Alstine show that where conditions are favorable to 
the use of a moisture meter uniform quality of concrete can be maintained 
despite widely fluctuating surface moisture conditions. 


The current flow through the sand batch, as indicated by the reading on 
the meter, is a nonlinear function of the percent of free moisture in the sand. 
This nonlinearity increases as the percent of moisture increases. The error 
in the meter at higher moisture contents as noted by Mr. Van Alstine was 
undoubtedly due to the use of a linear scale chart. In the range of 6 to 10 
percent moisture, the linear chart could be set reasonably close to the calibra- 
tion curve with the rheostat but beyond this range the variation becomes 
excessive. 

This method of moisture determination is based on the principle of apply- 
ing a battery or d-c voltage across two electrodes and measuring the current 
with a meter. A recording chart is optional. A moisture meter of this type 
is inexpensive, easy to operate, and requires little maintenance. The initial 
calibration, however, requires considerable time and care and must be done 
with the meter installed in the batch plant to include the effects of compac- 
tion and proximity of metal in the hopper. A wide range of moisture condi- 
tions must be set up artificially and meter readings calibrated against oven 
dried values on enough samples to assure a good average throughout the 
range of moisture conditions. With sands of different mineralogic composi- 
tion presenting widely varying calibration curves, this cumbersome calibra- 
tion procedure nullifies the simplicity of the instrument in plants that do not 
have uniform sand. 


Consideration should also be given to the placement of the electrodes 
within the hopper. The electrodes should be placed in the stream of sand 
flowing into the hopper so that the abrasive action produced keeps the elec- 
trodes free of corrosion and dirt which would produce a high contact re- 
sistance and low moisture reading. The electrodes should also be placed at a 


*Engineers, U. 8S. Bureau of Reclamation, Denver, Colo. 
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sufficient distance from the sides of the hopper and metal braces through the 
hopper so that the current flow is through the sand between the electrodes 
and not through the metal of the bin. 


By B. MICHELIS* 


Construction specifications for Monticello Dam, Calif., require that the 
sand weighing hopper shall be equipped with an electrical device for detecting 
changes in moisture content of the sand as batched. Since immediate and 
accurate correction for varying moisture in the aggregates is essential to 
uniform consistency in concrete, some means of rapid determination of free 
moisture changes during the batching operation is necessary. An electrical 
resistance meter of the type described by the author has been installed and 
has been in operation for 414 months. 


All coarse aggregates are finish-screened and rewashed over the batch plant 
and stored in their respective bins. This procedure has rendered the aggre- 
gates uniform in moisture as batched, the free moisture averaging 1.3 percent 
for the 34-in. and 0.8 percent for the 114-in. aggregates. There has been no 
problem in maintaining moisture control in the coarse aggregates by the usual 
methods, but in the sand a problem does exist. During November, 1955, 
moisture in the sand varied from 4.4 to 7.3 percent. All efforts are made at 
the processing plant to properly drain the sand; however, this is not always 
possible due to the high demands. When this happens, sudden changes in 
sand moisture of as much as 3 percent occur; without a batch-to-batch mois- 
ture determination, consistency can vary widely. The moisture meter being 
made a part of the control panel permits immediate adjustments in the amount 
of added water. This electrical moisture-detecting device has unquestionably 
improved concrete control on this project. 

Prior to installation of this moisture-indicating device on the Monticello 
Dam batch plant, operation of this type of moisture-detecting device was 
observed for some time at a commercial ready-mixed concrete plant. Sand 
storage at this plant is limited, which resulted in constantly fluctuating mois- 
ture content. Moisture in the coarse aggregates posed no problem but a 
change of 3 to 4 percent in the sand had a great effect on consistency of the 
concrete. A large volume of concrete was being supplied to government 
agencies and a uniform slump was required. After a little training, the batch 
plant operator made reading of the moisture meter a regular plant operation. 
Since installation of the moisture meter, uniformity of truck-mixed concrete 
from this plant has improved considerably. 

It has been found that like all mechanical devices, these are not foolproof; 
they do get out of adjustment. It is a simple procedure to check the mois- 
ture of the sand daily by standard moisture methods. Adjustments are 
relatively simple and easily made, and the unit thereby easily maintained in 
good operation. 


*Materials Engineer, U. S. Bureau of Reclamation, Solano Project, Calif. 
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By W. H. WISNISKI* 


There are few products on the market with such little control in thei 
manufacture as concrete. Concrete, with its numerous variable ingredient 
presents a difficult control problem, but one that is by no means insurmount 
able. Many operators and the public in general are ignorant of the impor 
tance and economy of uniformity of concrete. Many conscientious operators 
attempting to produce a good uniform product have their efforts discounted 
by water indiscriminately added ‘‘on the job.’”’ Construction contractors 
will continue to “pour” concrete instead of “placing” it until the public, 
generally ignorant in the fundamentals of good concrete, is properly edu- 
cated in this matter. 

One of the greatest contributing factors to the lack of concrete control is 
the nonuniformity of the moisture in sand. Some sand will carry 12 percent 
or more moisture with fluctuations to as low as 5 percent. It is obvious that 
in these cases the sand weight deviates appreciably from the design weight. 
Concrete uniformity and quality will suffer unless this moisture deviation is 
corrected for as it occurs. 

Conventional methods for testing sand moisture are much too slow and 
also time consuming. Changes may take place while tests are being run. 
The moisture meter offers instantaneous information on the moisture per- 
centage that can be immediately utilized in making necessary corrections 
before the batch ever reaches the mixer. In most operations, the sand weight 
is corrected only at wide intervals or not at all. The bulk of the concrete in- 
dustry operates on a fixed percentage of moisture. Even though moisture 
change charts may be available, they are seldom utilized. Most operators 
don’t have the time to check moisture percentages often=by conventional 
methods. I would strongly disclaim the boasts from those that claim they 
can accurately estimate the moisture percentage of sand by looking at it. 

Much too often, the lack of moisture control is blamed entirely for the 
lack of concrete uniformity whereas the blame lies elsewhere. Sloppy in- 
accurate batching, mixed or contaminated materials, uncontrolled admix- 
tures, and overloaded mixers are major items. The installation of a moisture 
meter has the psychological effect of disclosing and of reducing these irregu- 
larities. This indirect value of the moisture meter may be of appreciable 
consequence. Many concrete producers will have to come to the realization 
that the job of properly proportioning concrete is not the work of a lever- 
pulling, glorified laborer but one for a qualified technician. 


The idea of an electronic device for the measuring of the moisture content 
of concrete aggregate certainly is not new. I, as well as many others, have 
in the past half-heartedly experimented with this idea. Until recently, 
apparently no one has gone to the effort and expense to fully investigate this 
matter and develop and promote an instrument that would not only perform 
accurately but would also be practical. 


*Engineer, W. E. Kier Construction Co., El Segundo, Calif. 
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I had been associated with the IMC moisture meter, or the one discussed 
by Mr. Van Alstine. I had wide experience with the meter in all sections of 
the United States and also did much work with it in the laboratory. It was 
most interesting to note the complexities that were responsible for past un- 
satisfactory results. I found that the meter was reliable in the majority of 
installations. Unreliable results could be expected for instance from opera- 
tions using more than one source of material and materials with varying 
amounts of contaminants. Even in these cases, the meter was of great help 
but would require frequent recalibration. There are numerous concrete 
producers who because of the inefficiency of their operations could never 
utilize the meter to full advantage. It is surprising how many operations 
there are that have no accurate way of measuring water. Many batch the 
water from truck supplies; the truck meter is either unreliable, inoperative, 
or nonexistent. There are numerous plant operators that are merely “‘lever 
pullers” and cannot make any corrections for a change in the moisture per- 
centage of sand. Too often the water requirements of the various mixes as 
charted are sadly in error and in many cases not even known. Excellent re- 
sults have been obtained with the meter in all operations where it has been 
employed intelligently. 

The meter proved quite adaptable to different and changing conditions. 
Should the instrument get out of adjustment, it can be recalibrated quite 
simply. As with any new product, the early meters had their share of me- 
chanical difficulties. The causes of these difficulties were gradually discovered 
and eliminated. Continued research with this instrument in the laboratory 
and in the field under all conditions, has improved its durability and re- 
liability greatly. I would warn all concerned against purchasing meters 
“blind.” Some meters may offer nothing but another gadget that might 
possibly be an indicator but certainly not a meter. I am familiar with some 
meters that have appeared that because of the nature of their assemblies 
obviously cannot provide reliable results. Any meter installation should 
include proper installation, education of operating personnel in its use, periodic 
maintenance checks and servicing, easy recalibration by regular operating 
personnel, and a satisfactory repair and/or replacement plan. 





Disc. 52-24 


Discussion of a paper by G. M. Smith and L. E. Young: 


Ultimate Theory in Flexure by Exponential Function* 


By JAMES CHINN 


Professors Smith and Young have proposed a new variation on the stress 
block in flexure which is worthy of consideration. Although they do not 
advocate the use of their method for design at this time, they have presented 
it in sufficient detail for a comparison with test results and with other methods. 
This discussion will make such comparisons. 


COMMENTS ON BASIC ASSUMPTIONS 


Two of the basic assumptions of this paper, that of the stress-strain rela- 
tions and that of the constant #, of 4,000,000 psi for all strengths of con- 
crete, are not in agreement with considerable evidence to the contrary. Re- 
cent tests':? have shown the stress-strain diagram in flexure has a descending 
portion and does not end at the ultimate stress as is assumed by an exponential 
function relationship. The variation of F, with f.’ has also been proved by 
several researchers.’:*.* Faulty as these basic assumptions may appear, 
however, they do not invalidate the method if one realizes the limitations 
imposed by them. It has been adequately proved that considerable varia- 
tion in assumed shape of stress block has little effect on the magnitude of the 
predicted ultimate moment capacity of a rectangular beam failing in tension. 
Any assumed stress block which yields the proper magnitude and position of 
resultant compression in a beam at failure is able to likewise predict com- 
pression failures accurately. If the assumed stress block is also able to estab- 
lish the proper strain distribution, it has other advantages, as well. 

The authors’ assumptions concerning ultimate strain relations have been 
superimposed upon a graph from reference 2 in Fig. A. Although the authors’ 
assumed strains do not coincide with the results of the most recently reported 
investigation,” they are in reasonably good agreement with the average of all 
investigations included for the range of f.’ from 2000 to 7000 psi. 


REVISION OF_ EQUATIONS 


To compare the authors’ method with others, equations have been derived 
which are in the form of the more usual equations encountered. 

*ACI JOURNAL, Nov. 1955, Proc. V. 52, p. 349. Disc. 52-24 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 

tAssistant Professor of Civil Engineering, University of Texas, Austin, Texas. 
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Fig. A—Comparison of assumed variations of ultimate flexural strain 








Tension failure 


Tension failure is more commonly considered to be the moment at which 
the steel has yielded and the concrete begins to crush rather than the moment 
at which the steel just begins to yield. 


Referring to Fig. 3: 
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Compression failure 


Referring to Fig. 3, a compression failure is calculated as follows: 
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Solve quadratic for c, then: 


m-+1 


id 1 — 
- P m+2° 


M = Cjd 
The work involved here is similar to that involved in the conventional straight 
line calculation. 


Balanced reinforcement 
At balanced reinforcement, the ultimate strain in the concrete and the 
yield strain in the steel are reached simultaneously. Again, from Fig. 3: 


c ty A, Sy ° . 
“Toa (m + 1)—— = (m + 1) ry, p for tension failure 


f.' bd 


’ 
€c 


fy 
= re = (m+ 1) rz Do 
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Ty m+le’ +e, 
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The following equations were derived from the authors’ graphs: 


15,000 — f.' 


fe’ + 3136 
) 2 ae 
13,636 


These equations have been used for all new calculations presented in this 
discussion. All calculations were performed with slide rule. 


COMPARISON OF RESULTS 
Comments on authors’ comparisons 
The authors compared results by their method with those obtained ex- 
perimentally by two separate investigations. The source credits given at 
the bottom of their Table 2, however, were erroneously reversed. The source 


for beams 213 to 441 is Cox® and that for beams 4308 to 6503 is Lash and 
Brison.® 





1218 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 19 


The data for beam 213 are in doubt, as Cox listed the yield load for t} 
beam as 17,900 lb, greater than the ultimate load of 17,010 lb. In additio 
the accuracy of the concrete strengths reported by Cox has been questione:! 
because they are average strengths of vibrated 6 x 12-in., rodded 6x 12-i: 
and rodded 3 x 6-in. cylinders. Jensen considered the strength of the co: 
crete reported as f.’ = 3060 psi to really be 3100 psi and Whitney considered 
it to be 3340 psi. 

Three of the beams listed as compression failures by the authors are reall, 
tension failures by the exponential function method. These beams are No 
4407, 213, and 223. Beam 4407 was listed as a compression failure by Lash 
and Brison in their Table 1,* but plotted as a tension failure in their Fig. 3 (c). 
Cox gave values for limit load and ultimate load for beams 213 and 223, and 
the steel percentages of these beams were plotted as tension failures in his 
Fig. 8.5 

The authors have considered the yield moment as the limit moment for 
a tension failure and have properly compared the results by their method 
with the limit moments listed by Cox. The moments of Lash and Brison, 
however, are ultimate moments and should not be compared with the authors’ 
limit moments. 


Tension failures 


The ultimate moment for a tension failure is usually expressed in the form 


of Mun = fyA.d (1 ~ p#), The variation of ke/k,k; with f.’ by ex- 
Us: c 


ponential function is tabulated in Table A. It is also plotted in Fig. B for 





1.0 ! ' ' UJ is T T T 
HOGNESTAD, ET AL. 
0.8 EXPONENTIAL FUNCTION 4 
WHITNEY r 


+—4- +4 
0.6 a PA - -4——— 5 


<a S8= Ta a Nie Sakai abi ei 6, tsk os 


e seNSEN 








AT ULTIMATE 
4 
> 


3. > HOGNESTAD, HANSON, 
4) & McHENRY TESTS 


+ ~ OTHER SOURCES 
Be ee rhs 
fy — ksi 


Fig. B—Variation of ke/k,ks at ultimate 


ke 
ky ks 
m9 








l 





°o 
o 





ULTIMATE THEORY IN FLEXURE 1219 


comparison with Whitney, Jensen, TABLE A—VARIATION OF ko/kik, WITH fe’ 
and Hognestad-Hanson-McHenry. It wt 

is evident that there is little difference : re 

in the results of all the methods for a | funetion | Whitney 

tension failure. 

The ultimate moments for the ten- 
sion failures listed by the authors have 
been calculated by exponential func- 
tion and compared with the reported 
ultimate moments in Table B. The ~~ sjensen’s method gives a light variation with fi, 
ultimate moments by Whitney and [uit jensim recommended the use of @ constant of 0.6 
Jensen are also tabulated for compar- 
ison. All three methods yield equally satisfactory results. 

The ultimate moments for the compression failures listed by the authors 
are also tabulated in Table B along with those by Whitney and Jensen. Six 
additional compression failures from two other sources (references 7 and 8) 
have also been included in the table. The results by exponential function 
give better agreement with these few test results than by the other two methods. 

Because comparison with such a small number of test results and sources 
can be misleading, the ultimate moment by exponential function has been 
plotted against tests of Cox for f, = 53,400 and f.’ = 3060 psi in Fig. C. 
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The theoretical moments run less than 
the average of the test results; how- 
ever, since the reported f,’ is in doubt, 
perhaps only the trend should be con- 
sidered. Theoretical moments based y 
on f. = 3340 psi are in extremely y a 
good agreement with the plotted test 
results. 

The formulas for balanced rein- 
forcement by various methods are 
given in Table C. The values of q for 
f, = 40,000, 50,000, and 60,000 psi 
are tabulated in Table D and plotted cai 
in Fig. D. The values of g by ex- % sree. 
ponential function consistently run 
lower than MHognestad’s but run 
higher than Jensen’s in the approxi- 
mate range of f.’ from 3000 to 8000 psi. 

There is little experimental evidence available to indicate which method 
yields the best results. Hognestad’s assumptions of stress-strain relation- 
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Fig. C—Comparison of theoretical M. 
with test results 


TABLE C—VALUES OF BALANCED REINFORCEMENT 


Exponential | | 
function } Whitney | Jensen 


| Hognestad 





Se fe fe 
o = 0.456 —— o= — o=aq— 
Pp Pp qT, Pp qT, 


ty | 
1+8 
1 eden a 
3% x10 1+a-H, 
1 oa -t ‘Senne nfe 
15,000 — fe’ 1 + 0.35 fe’ 


q = kiks — 
ty 


7 
tT € 


—14(2ZY hike = 3200 + Se 
4000 

10,000 
+ 











TABLE D—VALUES 


Values of g 
Sy = 50,000 











to 
Bea 
£z)° 
“~ 
aa) 


SaEEDELE a 


occossco 
ete ee 
Aone 
eoossscs 
wo 

“Me orto 
Sas 
essssses 

ee 

SSSESTE5 

















1—Exponential function. 
2—Hognestad, Hanson, McHenry. 
3—Jensen. 
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Fig. D—Comparison of q = 0.9 
polf,/f-’) by various methods 


\ ——— 
\ 
\ aes HANSON, 


S & McHENRY 


EXPONENTIAL 


FUNCTION 
ees 














' T 


fy = 50 ksi 


+. sHOGNESTAD, HANSON, 
me @ McHENRY 


EXPONENTIAL 














tT 


r 
fy = 60 ksi 


HOGNESTAD, HANSON, 
& McHENRY 


EXPONENTIAL 
FUNCTION 














1229 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 1 


ships and ultimate strain are derived from test results, so his results would 
appear most reasonable. The exponential function method seems able io 
predict both tensile and compressive ultimate moments with good results, 
so it seems logical that it should also be valid in predicting p.. Jensen's 
method is not in too good agreement with ultimate strain test results, so ii 
would appear to be less valid than the two just mentioned. Whitney’s con- 
stant value of 0.456 f.’/f, was established empirically and would seem to 
require extensive experimental verification. 


CONCLUSIONS 


1. The exponential function adequately predicts the ultimate moment 
of a rectangular beam failing in tension. The equation is not too compli- 
cated, but it is not as simple as either Whitney’s or Jensen’s and it yields 
little, if any, more accuracy. 

2. The exponential function adequately predicts the ultimate moment 
of the rectangular beams failing in compression with which it was compared. 
It should have more experimental verification before it is accepted as accurate 
for wide ranges of concrete strength and percentage steel, however. The 
calculations involve just a little more work than those for the conventional! 
straight-line method, but are similar to them. Practically, however, one 
should not design a beam to fail in compression, and one will rarely investigate 
an existing one containing that much steel. 

3. Little experimental evidence exists as to balanced reinforcement, but 
values predicted by the exponential function appear reasonable. 

4. The big advantage of any method involving stress-strain relations is 
that it provides means of analyzing nonrectangular sections, biaxial bending, 
direct stress plus bending, deflections, and stresses in compression steel close 
to the neutral axis. The exponential function shows promise in all these 
areas. It should be tried in the first two areas and checked against test re- 
sults. Some modification is required before it can be applied to direct stress 
plus bending in order that it give concrete stresses of 0.85 f.’ at ultimate for 
zero eccentricity. Some modification is also indicated in applying it to de- 
flections since the calculated steel stresses can apply only at cracks. Sustained 
loads producing creep would invalidate deflection calculations and call for 
modifications of compression steel stresses. 

5. The exponential function appears to adequately predict ultimate mo- 
ment under no-creep loading. This is an apparent limitation on all methods 
which are based on ultimate strains. Sustained loading which produces 


creep, however, does not appear to lower M,,, significantly, if at all, according 
to the meager data available.®.!° 
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Discussion of a paper by S. E. Huey: 


Simple Moments and Moment Design’® 


By AXEL EFSEN, JUHAN RAUD, and AUTHOR 


By AXEL EFSENT 


The procedure presented by Mr. Huey is not new. In 1931 I published 
The Method of the Preliminary Moments! (“P.M. method” for short) based 
on the same concepts. To demonstrate, I reproduce the formulas used.*.5 


Basic constants 


0.5 6 


= J/l; : ad cag ge “a = noneees 
on i Tae. 


on Mab 
2 — ma 


Preliminary moments for evenly distributed load 
Yu = (1/mba _ 1)\ 2M°w 
You = (1/ma — 1) f A 


A = 1/ma Ma — 1 
Me 1/8w I? 


Especially for ma» = 0 is: 


Yo = 0 
Ysa = Ma 2 Mw 


Moment distribution 


Yap, = Yor c'ap,/ZC'ap ; Y >, = Mpa Y ap, 

A comparison between this and Mr. Huey’s paper will show that R = 2m, 
S = 1/3c’,and K = 2 (1/m — 1)/A; and consequently that the two methods 
are basically identical. 

To facilitate the computations it is recommended to take the basic constants 
from a table of the pattern (Table A). The value of (1/m — 1)/A (for the pre- 
liminary moments) can be taken from Fig. A. 

For more advanced use of the P.M. method (variable moment of inertia, 
arches, cyclic and noncyclic systems, joints blocked or nonblocked for trans- 
lations), the reader can refer to the list of references. 


*ACI Journat, Nov. 1955, Proc. V. 52, p. 361. Disc. 52-25 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Inetiture, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
aad Laboratoriet for Bygningsteknik, Danmarks Tekniske Hgjskole, Copenhagen, Denmark. 
Valid (for symmetrical load) if the factor 2 is changed accordingly, e.g., factor 1.5 for force W in the middle of 
span (Me = 1/4 Wl). 


1225 





1226 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 19 


Fig. A—Values of (1/m — 1)/A 


Ya = 2 2M° as 
Moan = Ve wea 


02 03 


TABLE A—BASIC CONSTANTS 


Sitap/ZC’ ap | C’ba/ Mab 


3.43 
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EXAMPLES 


To further demonstrate my version of the method, I have computed two 
examples from the paper (see Fig. 25 and 26). 


Example Fig. 25 
DL = 10 kips; Me ; 20 X 20? = 100 ft-kips 
Basic constants (from table) 
= 0.25 
= (0.875 0.267 
Moments 
=> Ys = 0.267 * x x 100 = 53.4 ft-kips 
= Y3;, = 0.20* xX 2 X 100 = 40.0 ft-kips 


10 
Maximum M, = M; = — 53.4 — 40.0 + on X 0.25 XK 53.4 = — 86.7 ft-kips 


Example Fig. 26 
From Fig. 26: 
c’1, = 648 oo, = 45 = 889 1960 
cia = 761 556 “sa = 1020 “4a = 2090 


1409 1909 4050 
Sie = 900, Sp23 = 341, Sus4 = 444 


Basic constants (from table) 
Left—right: 
900 

900/3 = 1062 


———=m— a GEER Gin "32 = 3.82 XK 341/35 
1062 + 1011 


444 


— = 0.190; 
434 + 1909 


Right—left: 


? 


444 
son 7 rll0 0.450; c’s4 = 3.87 X 444/: 


341 


— — = 0.139; 32 0.439; c's; = 3.84 X 341/; 
573 + 1909 


—_—_—— = 0).622; mz = 0.308 
436 + 1011 
Basic constants are tabulated in Fig. B. 


*From Fig. A. 
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ct88a9 


m:0305__m:0308/ m-0 m:0439/7- m:0420 _ m:0450/- 


3 


c’: 1062S : C434 7 
© 





c* 573 


faa 
c':761 \_/ 6:648 


641020 \ 














= 
d d 


Fig. B—Basic constants 


Moments—I restrict myself to computing the moments for total load (this 
will also show how loads on all spans can be managed by one moment dis- 
tribution). 


Span 1-2: m, = 0.305; mz = 0.308; Me = 360 


Y, = 0.234) pu / + 168 
Y, = 0.236{ * 2 X 3600 =) _ 17) 


Span 2-3: mz 0.429; m; = 0.439; Me = 54 


Y. = 0.296) os ( +32 
Y; = 0.309/ * 2 X 54= } _ 33 


0.420; ms = 0.450; Me = 216 


Y; = 0.285) J +123 
Y, = 0.325/ * 2 X 216 = ) _ 139 
Moment distribution 
Left—right: 
— 171 { 455 = + 54 =+4 


1447 | 436 = + 52 x 0.439 573 +2x045=41 
~ OT 556 = + 65 b= +4 


+1 —139/1960 = + 67 
— 4053 | 2093 = + 71 
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Fig. C—Moment distribution. Moments in boxes are final moments 


Right-—left : 


( —— 
+ 123} 889 « —~ 10 + 32) * 5 c 
nt O54 — 23 X 0.429 = — 10; - 073 — 11 X 0.305 = 


— 53 6 


648 = — 76 
761 = — 89 


In my experience it is most practical to perform the moment distribution 
on a sketch as shown in Fig. C. 

Finally it should be pointed out that the computations are only fully cor- 
rect when beam 1234 in Fig. 26 is retained for horizontal movements; but, 
of course, with the load in question the error is insignificant. 

The same is the case for the example in Fig. 24 and only the symmetrical 
conditions (in system and load) assures the correct solution. 
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By JUHAN RAUD* 


It has always been realized by structural engineers that statically ind 
terminate structures present problems that are time-consuming and ofte 
rather difficult to analyze. Many attempts have been made to advance mor 
practical and shorter methods. With so much published matter now ayail- 
able it is easy to take some from one source and some from another, and 
with some refinements and modifications have it published in technical papers. 
Ever since Hardy Cross published his moment distribution method, count- 
less contributions have been made by engineers with the main purpose to 
improve it. Each of them has its advantages and disadvantages. 

The paper by Mr. Huey is unfortunately incomplete and the usefulness is 
demonstrated in length on rather simple cases. Nothing is said about side- 
sway, influence lines, or beams with variable moment of inertia, nor are there 
equations given for expanding the method to structures and loads other than 
those illustrated in the paper. 

It appears to be rather difficult for the busy designer to remember the 
equations for the “stiffnesses’” and “restraints” and figure out where and 
how to use them. 


In 1949 the writer worked on a similar method and developed equations 
for moments, moment distribution, and carry-over factors expressed in terms 
of k = I/lfor continuous beams and frames with constant and variable 
moment of inertia, including wind loads, sidesway, influence lines, and con- 
tinuous arches on elastic piers. 

To enable the reader to expand the author’s method, a brief description of 
the writer’s procedure is presented here. 


DEVELOPMENT OF FUNDAMENTAL EQUATIONS 


The concepts of modified stiffness, carry-over, and moment distribution 
factors are introduced and equations expressing their values are derived. 
From the fact that members intersecting at a joint, which undergoes an angle 
change, will rotate through the same angle, the equations of end moments fo! 
loaded members are developed. 


MODIFIED STIFFNESS AND CARRY-OVER FACTORS 


In the successive moment distribution method the stiffness factor at one 
end of a member is defined as the moment required to rotate the simply 
supported end through a unit angle when the other end is fixed. 

Moment M = k, applied at b induces a moment at the fixed end a, which 
for a prismatic member is 0.5k, (see Fig. D). 


*Senior Engineer, Kaiser Engineers, Oakland, Calif. 
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0.5k. kel 
=! _ = > (1 


l 
ae 61 ss 





sil 28 
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if the member is released at a © 
31 


hy =F Fig. D 


© 


In a rigid frame structure the moment developed at the far end of the 
member varies from 0 to 0.5, depending on the stiffness factor of members 


entering the far end. 
Denoting by ra the moment developed at a instead of 0.5k, 
factor for end b is 
Se he ee oo Se oe ee 


31 6] 61 


Solving for k, we obtain 


Reversing the end conditions 


, the stiffness 


From the above it can be seen that every member restrained at both ends has 
two stiffness factors. For future dealing put k = J/l, substituting in Eq. (2) 


and (3) we obtain 


ke = 


The values thus obtained are called modified stiffness factors a 
quently employed in developing the method only. 


Let us now consider a portion of a 
frame shown in Fig. E in which joint 
a is allowed to rotate by a unit mo- 
ment. The far ends of each member 
being restrained, the induced mo- 


nd are subse- 





ments are Tia, T2a, ANd frzq. It is re- 
quired to determine the joint rotation 
6. Separate all members at a and 
calculate the modified stiffness factors 
foreach member. The k values shown 
in figure are simply k = J/l. 
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With the far ends fixed or hinged we would know the rotation from momen 
distribution 


1 1 , 
6. = —— and 0, = ——’ respectively 
45k 32k 


and with the far ends restrained 


1 


I. = bie 
Lkmod 


By inserting the modified k values obtained by Eq. (4) in Eq. (5) 
1 


6 = 
6 ky re ke + ks 
) 
2 — ra 2-172. 2 — sa 


Introducing the notation 








K i ky ke ks 





Sim One tok 


the general expression for Eq. (6) can be written in the following form 


(8) 


To compute the modified stiffness factors we have to know the r values 
called modified carry-over factors. In general, the carry-over factor is de- 
fined as the ratio of the moment induced at the restrained end of a member 
to the moment causing rotation at the other simply supported end. 


Next let us find r for member a-b 

in a portion of a frame shown in Fig. 

F, assuming that rica, rec, and 734 are 

| | known. Separate member a-b from 
4s © the frame and apply moment ra to a 
of member a-b and to joint a of the 

frame. From Fig. E, Eq. (8), 6. = 

1/6K, due to a unit moment, but for 





The rotation of the end tangent at a of member a-b is 


1 Tab 
Oa = Bab — Tad Ga = — 


6k, 3ke 
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_ 1 — 2ra 


10 
6k. (10) 


By restoring continuity at a, the angular rotations of Eq. (9) and (10) have to 
be equated ra/6ka = (1 — 2ra)/6k. and solving for ra 


where Kq is given by Eq. (7). 

Similarly, r2, or any other r value can be calculated, provided that the carry- 
over factors for the joining members at their far ends are known. 

In multistory frames, the r values of upper ends of columns have to be 
estimated. The writer developed a formula that enables determining these 
values reasonably accurately. Assume that at joint 3, three members are 
intersecting with stiffnesses ky, ks, and ks. It is required to estimate ra. By 
the formula 


1 — 2uza ; 3 
rq = —————_ where usa. = (1.03 ———_—_ 
2 — Usa 2 ks + k, + ks - ke) 


For continuous beams the carry-over factor takes a somewhat different 
expression, owing to the fact that there is only one member joining at either 
end of the member under consideration. 

Consider a four-span continuous beam, Fig. G. 


ir Gif __ Gt Ge Gs as 
aoe re y 
® @ Q) Se." 


Fig. G 





E 


Commencing with r23;, we must know riz which in the present case is riz = 
0.5. 

According to Eq. (11) 
Kos 


= — where Ke; = 
2Kes + ke 


T23 


by substitution 


2k, + ka (2 — riz) 


Dividing by k, it becomes 
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The remaining values are determined by moving across the beam from one end 
to the other and then back again, thus 


Sas 


<i ae DMT oe 


2+ 2+ “(2 — 0) 
ke 


1 


k 
‘oe ————— 2+ = (2 - ra) 
ks 


2+ (2— rw) , 


ety “aga 
2+-—(2- 
ia 0 + k, Tso) 
By inspection of the r values it can be seen that they follow a certain pattern 
in their expression and therefore are easily remembered. Eq. (11) and (12) 


form the basic expressions for the elastic properties of the statically inde- 
terminate structure. 


The r values or modified carry-over factors are the true values and enable 
us to calculate the final end moments for each loaded span and to determine 
moment distribution factors from a loaded end to the adjoining members. 
Their derivation is shown in the appendix to allow the reader to proceed 
with the actual application of the final equations on various design problems 
encountered in practice. 


After the carry-over values, r, have been determined for the whole structure, 
the end moments for each loaded member can be computed by Eq. (25) 
and (27) (Fig. H]. 
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where L,» and Ly, are loading fac- 
tors and obtained from Table B. 
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To accelerate the computation of the end moments the writer has prepared 
charts for the quotient r./(1 — rasa) of which a part is reproduced in Fig. I. 


SIGN CONVENTION 


It is most important that a suitable sign convention is adopted to keep 
track of the moments distributed at an intersection or carried over to the far 
end. The writer recommends the following rule, although the opposite might 
as well have been used. 

A moment is deemed to be positive when it acts clockwise at the end of the 
member and negative when acting counter-clockwise at the end of the member. 
For example, see various cases illustated in Fig. J. 


i ™ 
® 


\ 

















Fig. J 


The moment diagram is plotted on the tension side of the members. MM. 
in Fig. J(a) causes tension in the top fibers on a distance from a, whereas end 
b is restrained and M,, = r.M. which acts in the same direction as M,», 
and therefore by the sign convention adopted, is of the negative sign. In 
Fig. J(b) the same consideration holds, but with opposite signs. In Fig. J 
(c) the end moments with their signs for a loaded span are shown. Fig. J 
(d), (e), (f), and (g) illustrate the procedure in determining signs for different 
loading conditions. For simplicity say, that looking at the loaded member 
in the same direction as loads are acting, the moment at left is always negative 
whereas the moment at right is always positive. 

For horizontal loads and sidesway the sign is determined from Fig. J(h) 
and (i). 

Note that in distributing a moment to other members, the distributed 
moments take always the opposite sign of the moment being distributed, 
whereas in carrying over from one end to the other no change in signs occurs 
as illustrated in Fig. J(a), (b), (g), (h), and (i). 
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ILLUSTRATIVE EXAMPLES 


Let us analyze the author’s example, Fig. 25. First compute r values by 
using Eq. (12) and (13). 





1 ACUHECOOUUOEOGGUGSEGORGTOGURUGEDRLQUGRLERERORLGRRIROatOT 
23 = a ae ee zo’ 20’ 20 


es 
2+ @-0) 020 0 














0.266 





-53.2 “/9.3\4/3.3 

40.0 *40.0\-40.0 
l +/3.3 +32 |-53.2 

oo —— = 0.266 


aie 
2+ — (2 — 0.250) 











-80 + #0'-80O 


Fig. K 


Due to symmetry re3 = rs: = 0.250 and rz4 = re: = 0.266. Second, find end 
moments, Eq. (25) and (27). 


2 2X 20 
Mn = Mu = © rn - = 0.266 —— = + 53.2 ft-kips 


° 
»f2 


T23 wl , 
M2; = M 32 S OV eS é| —_ T32) —— a & 40.0 ft-kips 
1 — f23 Tse 4 


The distribution is carried out in Fig. K. 


As one can see by comparing the two, all the intermediate operations for 
the stiffnesses and restraints are entirely eliminated by the writer’s method. 
The problem is a special case for which moment coefficients are available 
in text books (M, = wi?/10 = 80 ft-kips) and therefore does not exhibit 
any advantages of the author’s procedure over the existing methods. 


' Next consider frame in Fig. L, Pejo* 
taken from Continuous Frames of q 
Reinforced Concrete by H. Cross and 
N. D. Morgan, p. 111. The r values 
are entered in Fig. M, where the 
frame was unfolded into a continuous 
beam for convenience. Let the frame 
deflect by a unit displacement A = 1; 
the induced moments in columns are 
calculated by Eq. (35). 
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=2efl =2.46 +2646 +0043 -0.43 -U.21 
-U.elk -0.28 +0.28 +2.66 -2.66 -3.3h 


=2.85 -2.7h +2.7k +3209 | =-3.09 -3.55 
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TAB TcD 


—— (1 + rpa) Las Mep = (1 + rpc) Leo 


1 — raBTrpBa l — rep rpc 


TBA 
ene —— (1 + rap) Lap 


1 — rap rBa 


6k; 
where Lap => Lea = 2 ly p= Lox 


hy 


If the columns at A and D were hinged the moments at B and C would have 
reduced to: Mga = reales; Mep = replicp. By inserting the numerical values 
the end moments are: Mag = —2.71 ft-kips, Mg, = —2.46 ft-kips, Mcp = 
— 2.66 ft-kips, and Mpc = — 3.36 ft-kips. After distribution of moments 
the corresponding shear is determined, 


: 2.85 + 2.74 3.09 + 3.55 i 
S = —— _— a = — 0.5 kips 


Since the true shear is 10 kips, the true moments must be increased pro- 
portionately 10/0.5 = 20. Therefore the final moments are 


Map = 20 X 2.85 — 57.0 Mep = 20 X 3.09 - 61.8 


Mega = 20 X 2.74 — 54.8 Moc = 20 X 3.55 71.0 


One more example (Fig. N) will be of interest. Five kinds of loadings are 
treated, each of them presenting a typical sample of its kind. (1) The carry- 
over values are entered in Fig. N(b). Use Eq. (11), (12), and (13). 


res = T3656 = 0.500 : 3.0 1.8 
Ks ~ T = 24 

1 - 0.250 ; 0.500 
—— = 0.250 


4 
2+ — (2 — 0.500) 


4 1.8 


= ———— = 3.49 
2 — 0.250 * 2 — 0.500 


3.49 = (0.305 


ry = ——_—_—— = 0.350 
2X 3.49 +3 


2 — 0.297) 


1 
= —————_—— = 0.309 
2.25 
2 + — (2 — 0.350) 1 
3 2 — 0.250 


Peewee 
3.00 4.0 

2 + — (2 — 0.500) 62 ——— = ().408 
2.25 8§+18 


Find distribution factors and enter in Fig. N(c), using Eq. (31). 
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SIMPLE MOMENTS AND MOMENT DESIGN 


3.0 
a - — = — 0.590 
2.92 (2 — 0.250) 


1.8 — 0.410 


2.92 (2 — 0.500) 1.000 


1.0 
= ———'- — = — 0.656 
3.49 (2 — 0.250) 
1.8 
5)  3.49(2 —0.500) 


3.0 — 0.428 
(2 —0.250)  —s-_ 1.000 





ds2-56 — 
> ta 
Since the rigid frame is unsymmetrical in outline and in the nature and 
position of the loads applied, it is logical to start with the sidesway, .e., 
to determine a set of moments due to a unit displacement and the shear 
force effected by it. In the subsequent calculations of moments from other 
loads, the unbalanced shear can be readily corrected by the use of the side- 
sway moments and by superposition the final moments are thus obtained. 
For each load the process of moment distribution is performed in the table 
(Fig. N). Calculation of the unbalanced shear is not given, except for case 2, 
but the correction moments are added under each set of moments after dis- 
tribution. 


Case 1—Find the moments from a unit translation A. Since the moments 
do not have any absolute value, they have been multiplied by 100 for con- 
venience. 

0.305 


Ma = -— eee 
1 — 0.305 X 0.5 


— 10.8 ft-kips; Mi, = — 15.35; 
M se = 5.54; Ma; = 6.36; Me; = — 6.1 }; and M s = — 8.70 


After the distribution the corresponding shear is evaluated from the moments, 
being S, = 3.14 kips. 


Case 2—The cantilever moment M,. = 5 X 10 = 50 ft-kips is first split 
between the beam and column in the ratio of ds; + da, = 1. 


kg 4.0 . 
dy = ————_ = ———_—— = — 0).540 
K(2 — rsa) 4.35(2 — 0.297) ; ky 
where K = = 
k 3. o— Ts 
dg = ———_. = ————_ = — 0.460 
K(2 — ria) 4.35(2 — 0.500) 
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From the distributed moments shear is computed next 


23.0 +115 3304163 119 +06 
Seo ae = a = = — 3.10 kiss 
. 25 20 = 





The moments calculated in case 1 are proportioned by the ratio of — 2.19 
3.14 = — 0.698 and added to the moments obtained from cantilever load. 


Case 3—Uniformly distributed load w = 2k per lineal ft. The end moments 


0.250 _. 2 X 30? Ae 
Ma =— —meemenenen= (2 — 0.997) — = — 85.5 ft-kips 
— 0.250 X 0.297 4 


Mu : .. (1 — 0.250 aS + 108.0 ft-ki 
~ "1 = 0.250 x 0.297 ella” ai Atos 


Unbalanced shear: S, = 7.07 kips. 
Correction factor: f = 7.07/3.14 = 2.255. 


Case 4—Settlement of column 5-2 by A = 0.1 ft. Since the settlement 
has an absolute value in this case, the properties of the beams affected have 
to be expressed in the same units. Let J = 1 (ft)*for both beams and assume 
E. = 430,000 kips per sq ft. Therefore, by Eq. (36) L = 61EA/l’. 


6 X 1 X 430,000 0.1 
Lis = Les = accor ——— = 286 


6 X 1 X 430,000 x 0.1 
Lis = Les = —— a = 161 
1600 





The end moments: 


M oe 1.297 286 100 ft-ki 
4 a i. i, a 4 — = s 
oe 1 — 0250 X0297 : P 


Bo ek ras i 115 ft-kips 
~ 4" 1 = 0.250 x 0.297 Ae Py gia (3 


M 56 = + 77.0 and Mes = + 59.5 


Unbalanced shear: S = 6.74 kips. 
Correction factor: f = 6.74/3.14 = 2.15. 
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Case 5—Cantilever load on column 5-2, M, = 100 X 2 = 200 ft-kips. 
Loading factors: 


Tr . /15\2 7] 52 
Ls2 200 i 3 25 — 1 » 4M 52 pais 62 — 125 Los 18.5 ft-kips 


Unbalanced shear: S = — 3.61 kips. 
Correction factor: f = — 3.61/3.14 = — 1.148. 

Particular attention is drawn to the use of the proper sign convention, 
which enables the designer to place the correct sign for each moment from the 
end moments to the final moments. 








It must be borne in mind that, except for sidesway, all end moments for any 
loaded member are the actual final moments, and by the distribution, the join- 
ing members obtain their shear only, and are transplanted to the far ends by 
multiplying with carry-over factors r. 


INFLUENCE LINES 


The method lends itself to be adapted easily to computation of influence 
lines for any continuous girder or rigid frame after the r values have been de- 
termined. According to Maxwell’s theory, the influence lines for statically in- 
determinate structures can be obtained in the following manner (Fig. QO). 

Introduce a joint at the point for which influence lines are required and 
apply two equal but opposite moments of such a magnitude that the total 
angular rotation at both ends of the cut beams is y = 1. The deformation 
line thus produced is the influence line for this point. It is also obvious that 
if moments equal to 1 are applied to both ends of the cut beams, similar 


deformation is produced in the beam but the angle y 2 1. Therefore the 


influence lines have to be corrected by the factor of y. To illustrate the pro- 
cedure, let us find influence ordinates for support C, Fig. O. 

Assume members B-C and C-D freely supported. Apply moment M = | 
to both beams at C and find angular rotations at near and far ends. In the 
‘ase of rectangular beams we know that 


i. 


31; 


acs 


, ks 


Since the beams are continuous over supports B and D and the corre- 
ponding moments are rgc and rpc respectively, the true angles are: 
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Fig. O 


2 —T Bc | 

= (a°cp — rac Bc) = rages * 

6k 

8 =e 
= (a@°’cp — Toc B’cpd) = - ‘a 
6k; 


The correction angle y or the total rotation of the beams at C is 
Ye = acp + acp.. (15) 


Now to evaluate the above deflection line, the relationship between a unit 
load moving along the beam and the deflection line obtained from unit mo- 
ments has to be established. ; 

Let a unit load P = 1 travel over a simple beam and find end angles for 
each position of the load (see Fig. P). 








© 











The coefficients n; and n2 are recorded in Table C for prismatic bea 


TABLE C—n, AND 7, FOR PRISMATIC BEAMS 





| | > tr eo ee | : 
Te. ot el ot et & TS 9 10 


0.0244 | 0.0424 | 0.0547 | 0.0617 | 0.0641 | 0.0625 | 0.0574 | 0.0494 | 0.0390 | 0.027 


i 
] 

m | 
“% 





0.0138 0.0270 | 0.0390 | 0.0494 | 0.0574 | 0.0625 | 0.0641 | 0.0617 | 0.0547 | 0.0424 


By restoring continuity, the effect of moments acting on the beam has to 
be taken into account and the influence ordinates can be expressed as follows 


1 
y= —(M, a’ i2 + M;, a’'o1)... 
. 
where ¥ represents the correction angle as outlined above. Since we are deal- 
ing with relative values of angular rotations, E and J in Eq. (16) can be 
omitted and P = 1, therefore Eq. (17) becomes 


l 
7° —= (Mim + Men) TTT Tre 
vk 


Eq. (18) enables us to find influence ordinates for any support of a statically 
indeterminate structure. 


Let us consider support C, Fig. O, and write down the equations for in- 
fluence ordinates for that point. 


1. Load on span C-D: 


ls 


— (m — roc m2), Mi = Land M; = roe 
vcks 


ys 
2. Load on span D-E: 


l 
ye — (roc m), Mi = roc and M; = 0 
vk 

3. Load on span B-C: 
ls 


yx mS (m — rec m2) 
ch? 


Note that 7 and m2 are reversed, as are the moments, M, = 1 and M,; = rac. 
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4. Load on span A-B: 


l 
yi? = — (m rac) 
vek. 


The ordinates for influence lines for support B are as follows (Fig. Q): 


l l 
Span A-B: yi?= n2 Span D-E: y= — (m ree rpc) 
vB ky vB kg 


ls 


Span B-C: y:7= k (m1. — rcp 72) where ys = apa + azc 
YB Ke 


l; 1 2-—r 
Span C-D: y;?= —(—mree+resrocm) and aga = —; age = : = 
vB ks ky 6ke 


M=/ 


pa Re akil Uta oe lee 


{ M=/ 
© 
@ — 











Fig. Q 


It must be realized that influence ordinates could also be obtained from 
end moments by letting a unit load travel across the beam and finding the 
moments for each position of the load, which will be distributed and carried 
over as in the case of any other loading. 


Consider a member of a unit length P=/ b 
(Fig. R) and let P = 1 move from 
one end to the other. From the Eq. 
(25) and (27) we can conclude that 
the only variables are Liz and La: 
which are the functions of the location 
of the moving load. Therefore, 














ee/ 





@ 
J 





Las = 2 (b+ 0) = ab (b+ 1/2 


b 
Lu =T@+)=ab(a+1)P 
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The ordinates for influence line of point 1 are 


Ti2 , 
: = (Liz — La 21) 
1 — riz P21 


Although this procedure may prove a little longer than the deformation 
method, it could be used to full advantage to make spot checks on the first one. 


The writer thinks that by systematically arranging the formulas for carry- 
over factors, end moments, and distribution factors, the proposed method 
in the paper could be used with the same ease as that by Cross. It is partic- 
ularly useful in designing rigid frames subjected to a multitude of loading 
conditions. 


APPENDIX 
End moments 


Consider a part of a frame (Fig. AA). 
Member a-b is loaded by any loading combi- 
nation. The carry-over factors and defor- 
mation of the frame due to the loading is 
indicated in Fig. AA(b). Let Ma and Ms. 
be the end moments of the loaded span. To 
determine the end moments separate member 
a-b from the frame [Fig. AA(c)]. To main- 
tain the deformed condition, moments M 
and M,, have to be applied to joints a and b, 
where the angular rotation is designated by 
@» and ay. They are determined by Eq. 
(9), which gives the rotation 6, for the unit 
moment. The rotations due to Ms and 
Moa are 











Ma ) 

= Ma. = — 

ab Oud 6a | 
Bi.0.6 AOD 


Moo 


Mie Ore = ——} 
2 ° 6Koe } 








The rotations a» and ay, of member a-b de- 
pend on end moments Mw and M;, and on 
the applied loads. Therefore 


2M» + Mr. | 


6k, 
. (21) 
a, 2M + Mas 
_ ba 6ke 


By equating Eq. (20) and (21) we obtain 
Mea 2M + Mia 


- 2M,.+ Ma 
alias 6k, — 6k 
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Solving for Ma and Mo. 


Ka 


Ma = (6k, aa — Moa) Ka +k = 
ab ° 





, since 


Kw 
2K + k. 


Mea = Tad (6k, aa — Mia) 


In a similar way we can express M,, thus 


Moa = Tra (6k. ara — Mas) 
Substituting Eq. (23) in Eq. (22) for Ma, we obtain 


- 
Ma = ———— (6k, as — 6ke abe Tra) 
1 — Ta Tra 


Tab 


Ma = (La — Tea Ina) 


1- Tab Tba 


Le = 6k, O° ab ) 


Similarly substituting Eq. (22) in Eq. (23) for Mya, we obtain 


T 


Mis = ° (Lea — Tar Los) 


1 — Tad Tra 


Distribution factors 


Distribution factor is defined as a ratio of 
the stiffnesses at the end of a member to the 
sum of the stiffnesses of all other members 
intersecting at the end of the member. In 
Fig. BB, a unit moment M = 1 is acting on 





joint a, and expressing the end moments 
Mai, Mas, and M,; in terms of k values, if 





the far ends of the intersecting members 
were fixed, 


Ma = M a Seem 
ki the +ks 
ke 
Ma. = M ———- = 4. M 
: ktk+k: 
ks 


ki + ko + ks 


= d, M 


Ma; = M = d; M 





The angular rotation from a unit moment is @ = 1/Zk and knowing the distributed mo- 
ment in each member we can express 0 in terms of the moments thus 


1 1 1 
dik; = —; dk, = —; a= 
1%1 Sk 2Ke rk and d3k; Dk 
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Solving for d, we obtain 


Ce k 
=> and d; = —.. 
Sk 


Since the far ends are not fixed but restrained, the modified stiffness factors in accordance 
with Eq. (4) will be used 
6k, 6k, 6k; 
2 eee? Eee Gh comes ¢ k = _— 
ka — * Dus : >and kas pared 


< Tia a = Tee 


and making use of Eq. (7) 





the distribution factors become 


ky . 
~ Ka (2 — rie) | 
ke } 
2. ogee}. 
Ka (2 —™ Ties ft 


ks 


d; 


d; = 


Ka (2 — T3e) } 


Note that according to the proposed sign convention, distribution factors are to be assumed 
to be always negative. 


Sidesway 


To determine the end moments due to 
forces producing joint displacement, consider 
the frame in Fig. CC. The deformation of 
the frame is illustrated in Fig. CC(b). 

By sketching the frame in its deflected 
position, keeping joints a and b directions 
fixed, it will be seen that point a is con- 
strained to move at right angles to column 
a-c, and point b has to move at right angles 
to column e-d. Taking one of these displace- 
ments as unity we can find the others. The 
triangle of component displacements can be 
drawn by choosing say A; = 1, perpendicular 
to a-b. 

To determine moments Ms and Mya, re- 
move member a-b from the frame in the de- 
formed position. To keep the separated 
members in this position we have to apply 
moment M. to end a of members a-b and 
a-c, and M,, to end b of members >-a and 
b-d. Expressing the end rotations of the 
separated members in terms of k and mo- 
ments M. and M;,., and keeping in mind 
that a joint rotates through the same angles, 
we can write 





1250 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 195 


Ma Moa 


3k, 6k, 


Moa Mw 
~~ ls a ~~ idee 
3k; 6k, l; 6Koa 


Solving for M.» and Mia 


l l Maa 1 2K aw + ky 
—- Ma(— +——) = - t= —Ma(—2—— 
(z i) 6k, * .( 6K as ky ) 


Kap Mu , A 
—— = re, — Ma — += 


Ka + ky; awa ll Sh 


Moa Ai 
- Me af —-— "4S )ehire .... 
‘ ( at OY os rs 


eb iae Ma 
=" 6k, 


Substituting Eq. (34) in Eq. (33) and vice versa 


since 


re 6k, A: | 
Ma = — (1 + ba) — 


1 — Tab Tra 1 


Bi ee oe 
Mi. = — ———— (1 +.) 


1 — Tad Toa 1 
Since the column a-c is displaced by Az, the end moments are 


Tee 6ke As 
Mac an a — ie (1 + Tea) 


l — Tac Tea l, 


Tea 6ke As 
Mea ere (1 + Tac) a) gl 


1 — fae Tea 
Column b-d is displaced at the same time by A;, and the end moments are 


"be 6k; As 
Meg + Oh 


— Thd Tah ls 


, 6k; A; 
Ma = cance (1 + rea) an Ra 


1 — Tod Tad ls 


The expression of 6kA/l is the loading constant and for A any convenient value could be 
chosen, except in support settlements of continuous beams where A has an absolute value 
and therefore k and | have to be expressed in the same units, or in general 


. .(36) 
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AUTHOR'S CLOSURE 


The author appreciates the discussion by Messrs. Efsen and Raud. No 
effort was made to develop any new mathematical formulas, but an attempt 
was made to explain to the engineer what the mathematicians have been 
talking about in regard to moment design. 

The whole problem of continuity is that engineers need coefficients of 
Wi? for various conditions of end restraint. 

If we illustrate the problem using geometry and statics such as in Fig. 17, 
then it can be seen that the two unknown coefficients can be solved for in a 
number of simple ways which are familiar to the engineer; among them are: 


. Solve for the fixed points as described in the paper. 
. Solve the two simultaneous equations. 
3. Solve by converging approximations a /a Hardy Cross’ method. 


4. Solve graphically with a chart. 


The purpose of the paper would have been better served if the example 
shown for Fig. 26 together with Table 2 had been omitted and the solution 
shown for this example in Table 3 explained in more detail. The solution 
for this frame can be made quickly as follows. Assume the far ends of re- 
straining members as fixed and their relative stiffness as 7/L; then the relative 
stiffness of a loaded span, hinged at its far end is 3/4 J/L. The entire tabu- 
lation and solution is in Table D. No supplemental scratch notes are used. 


TABLE D—FRAME SOLUTION 
2 


1: J/L upper column 
2: I/L restraining beam 
3: I/L lower column 
: Sum J/L, restraining 
% I/L loaded span 75 75 56 25 533 333 


bye) 


53 44 


5 


R ; 37 0.90 


0.65 


+6 


from chart; K 
2+4=J 
LL 
Ma 


Span 3-4 
DL = 


Maximum — M — 165.6 187 


*Italic numbers were not included in summation of maximum —M in last line of table. 
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In explanation, the procedure for live load on span 1-2 is as follows: 


— M at left end, span 1-2 = M,, K = 169 X 0.46 = — 77.8 

M at right end, span 1-2 = M,, K = 169 X 0.48 = — 81.1 

M at left end, span 2-3 = MJ = 81.1 X 0.31 = — 25.1 

M carried over to right end, span 2-3 = MR/2 = 25.1 XK 0.44 = + 11.0 
M at left end, span 3-4 = MJ = 11.0 X 0.24 = + 2.6 

M carried over to right end, span 3-4 = MR/2 = 2.6 X 0.45 = — 1.2 


| 


os oe ae 


Dead load moments can be found by ratio and the procedure is similar 
for loads on the other two spans. 


The mathematician should bear in mind that the only practical use for the 
mathematics of moment design is its application to design by the engineer, 
and that academic methods, although mathematically correct are not nec- 
essarily practical. 

The determination of end moments may be viewed by the mathematician 
as the completion of the days work, but to the engineer, planning a building 
frame, it is only one of the preliminary steps to designing, drawing, detailing, 
specifying, and checking shop drawings. The economics of the situation 
will not permit the engineer to spend too large a part of his time on what should 
be a brief preliminary tabulation. 





Disc. 52-26 


Discussion of a report by ACI Committee 318: 


Proposed Revision of Building Code Requirements 
for Reinforced Concrete (ACI 318-51)* 


By TUNG AU, LOUIS BALOG, WILLIAM A. CORDON, CLAYTON M_ CROSIER 
HARRY ELLSBERG, JACOB FELD, R. V. HAUER, F. N. MENEFEE, PAUL |. RONGVED 
RUDOLPH SZILARD, R. V. WASDELL, ALFRED ZWEIG, and COMMITTEE 


As might be expected, some parts of the following discussion 
cover points later adopted in the final version of the Building Code 
(ACI 318-56) published in the May 1956 ACI JoURNAL. Also, some 
discussion covers changes incorporated in ACI 318-56 by amendment, 
as adopted at the ACI 52nd annual convention, Feb. 21, 1956, and 
ratified by letter ballot Apr. 30, 1956. For convenience, all discussion 
of the proposed revisions (Title No. 52-26) and the final Code (Title 
No. 52-57) is assembled in this section. 


Editor 
By TUNG AUt 


The proposed revision of ‘Building Code Requirements for Reinforced 
Concrete (ACI 318-51)” has brought up to date a number of provisions 
which were badly in need of extension and clarification. There are, however, 
several aspects in the proposed revision which deserve further discussion. 

Since sudden failures in structural elements are often more damaging and 
undesirable in comparison with the type of failure which is more gradual and 
permits redistribution of stresses, it has long been the opinion of some engi- 
neers that a properly designed reinforced concrete beam should fail in bending 
rather than in diagonal tension. Revision of the Code toward heavier web 
reinforcement and lower allowable unit stresses in shear seems to be in general 
agreement with this concept. 

However, the proposed provisions also take into consideration that some 
beams without web reinforcement still can sustain loads higher than that 
at which diagonal cracks are formed. This fact was well established on the 
basis of tests of reinforced concrete beams; more recent and notable among 
them is the excellent work of Moody, Viest, Elstner, and Hognestad.' It is 
not surprising, therefore, to find that Section 801(d) has been revised and 
then amended so that the web reinforcement shall be provided to carry only 
the excess which exceeds the shearing unit stress v, permitted on the con- 
crete of an unreinforced web. 

Together with the statement in Section 801(e), which further restricts the 

*ACI Journat, Dec. 1955, Proc. V. 52, p. 401. See also ACI Jounnat, May 1956, Proc. V. 52, p. 913. Dise 
52-26 is a part of copyrighted JouRNAL OF THE AMERICAN Concrete INnstiTUTE, V. 28, No. 6, Dec. 1956, Part 2, 


Proceedings V. 52. . . 
tAssistant Professor of Engineering Mechanics, University of Detroit, Detroit, Mich. 
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use of web reinforcement, Section 801(d) can be applied to all simply su; 
ported beams, rectangular or otherwise, as well as to continuous or restrain: 
beams or frames which have a slab cast integrally to provide T-beam actio 

This latter category of beams or frames constitutes a large number oi 
members in monolithic structures and probably deserves more careful co! 
sideration. While it is true that in the series of beam tests cited above, T- 
beams were shown to possess higher shear strength than rectangular beams 
of comparable size and equal concrete strength, no clear-cut conclusions can 
be drawn because only two T-beams were tested. Granted that the predica- 
ment is correct, as it appears to be, there remains the question whether the 
web reinforcement designed to carry a portion of total shear at the section, 
even if the shearing unit stress does not exceed v,, should be changed from 
two-thirds for continuous or restrained rectangular beams to zero instead 
of some lower value for continuous or restrained T-beams. 

The revised version of the chapter on flat slabs will be most appreciated 
by those who had to contend with fragmentary information and far-fetched 
interpretation in designing flat plate and slab-band systems which have 
grown in popularity among architects in recent years. Here, for flat slabs, 
the allowable unit stresses in shear are also more restricted than in the exist- 
ing Code. 

In the case of flat slab supported by columns without capitals, for example, 
it is more likely than not that the allowable shearing stress will be governed 
by the limiting value of 0.025f.’ but not more than 85 psi. For ordinary 
proportions of panel and column dimensions suitable for architectural pur- 
poses, such limiting shearing stress can often be exceeded since the periphery 
through which the stresses act is relatively small due to the elimination of 
column capital. Various forms of “shear heads,’ based on the same principle 
as inclined stirrups in beams, have been designed to resist shearing stress 
in excess of the limiting value. However, in view of the revised provisions 
for web reinforcement in continuous beams and due to the lack of extensive 
experimental investigations, it is rather doubtful how such shear heads will 
actually act. Nevertheless, it seems to be desirable if the Code can provide 
at least some /restrictions in this regard, which may be vital to designers. 

In the revised provisions for design of flat slabs by empirical method, the 
numerical sum of the positive and negative bending moments in the direction 
of either side of a rectangular panel is given as 


2 2 
M, = 0.09 wir (1 = 2) a. 


in which F = 1.15 — c/L, but not less than 1. 

Ever since publication of the article by J. R. Nichols,? moments in flat slabs 
recommended by design codes have been revised at different times and in 
many ways toward closer agreement with the statical limitations on mo- 
ments. It is shown in his paper that from statical equilibrium 
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c c\* 
M, = 0.125 WL | 1 — 1.27 —+ 0.333 {| — wks 
5 | L - (<) | 


and, as close approximation, Nichols presented an empirical equation 


2c\? 
M, = 0.125 WL{ 1-—-——]}. (3) 
31 


4 


Eq. (3) yields higher values for moments than those obtained by Eq. (2) 
when c/L is greater than 0.162, and lower values for moments when c/L is 
less than 0.162. Using the existing ACI Code (ACI 318-51) as basis for eom- 
parison, moments obtained by Eq. (1) for different ratios of c/L are tabulated 
in Table A against 72 percent of the moments obtained by Eq. (2) and (3) 
for the same ratios of c/L. Hence, the last line in Table A represents moments 
according to the current ACI Code (ACI 318-51). It is to be noted that the 
difference between moments obtained by Eq. (2) and (3) are small and neg- 
ligible, whereas moments obtained by Eq. (1) for c/L = 0.05 and 0.10 are much 
higher than those by other equations. 


TABLE A—MOMENTS FOR DIFFERENT c/L RATIOS 





Value of c/L 
M, = Coefficient X WL | |— 
| 0.05 15 0.162 


F Eq. (1) } 0.925 32: 583 


72 percent of Eq. (2) 0.843 


72 percent of Eq. (3) | 0.840 | 


There may be reasons to justify the addition of a factor F to Eq. (1) which 
have escaped the attention of the writer. However, if its main purpose is 
to compensate the smaller moments obtained by Eq. (3) for c/L less than 
0.162, the type of flat slab supported by columns without capitals will again 
be penalized. For a 30 x 30-ft panel supported by 18 in. round columns 
(c/L = 0.05), the difference in moments amounts to 10 percent as a result 
of using Eq. (1) instead of Eq. (3). 

Finally, there seems to be a minor inconsistency in Section 706(b) which 
reads: , and the modular ratio given in Section 601(a), but not 
of greater value than the allowable stress in tension.”’ Since the part in Section 
601(a) referring to modular ratio n is to be deleted in the revised version, 
Section 706(b) should be corrected accordingly.* 
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By LOUIS BALOG* 


SHEAR REINFORCEMENT OF LONG-SPAN GIRDERS—THE A,,/A, RATIO 
Historical 

The plans of long-span girders built during the first decade of this century 
reveal that the 1907 type specifications (Fig. A) were not followed in actual 
construction. Nearly full, or full, shear reinforcement was provided, unless 
the shear was kept below 60 psi by haunching and widening the girders. 








‘... Ae 1925 


Fig. A—Shear reinforcement specification types. Plain areas of shear diagrams are 
carried by concrete, shaded areas carried by steel 


Usually more than 50 percent of the main steel was bent up or down, accord- 
ing to the moment diagram, in addition, stirrups were provided in the full 
length of the girders. 

It was recognized about 1910 that the use of bent bars was not only econo- 
mical but also necessary for assuring the maximum carrying capacity of 
the girder. The 1916 type design specifications (Fig. A) are characteristic 
for this decade requiring full shear reinforcement in about 60 percent of the 
length of the girder. This was achieved mainly by bent bars; stirrups were 
also used in the entire length of the girder. 

The third decade of the century brought about the 1925 type design speci- 
fications (Fig. A) requiring full shear reinforcement. These specifications, 
requiring also that most of the shear must be taken by bent bars, remained 
in force extensively to this time. Stirrups, usually equally spaced throughout 
from 20 to 25 bar diameters, are used in conjunction with the bent bars. 

The 1907 type specifications were maintained in the United States until 
1956; however, nearly full, or full, shear reinforcement was provided in long- 
span girders until the 1940’s. 


A.,/A, ratio 


This scale for quick comparison of girder reinforcements was devised by 
the writer nearly 30 years ago. This expression of the amount of web rein- 
forcement in tht terms of the main reinforcement is based on the fact that 
the total shear in the horizontal section of the girder, extending from a zero 

*Consulting Engineer, Binghamton, N. Y. 
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TABLE B—RELATION BETWEEN THE Aw ‘As RATIO AND THE TYPE OF FAILURE — 


Beam No. | A, sqin. | Ag, sq in. Aw/A. | Type of failure 
| | 


1026 6.09 Tension 
1025 6.07 3.15 5s Tension and shear 
1031 5.96 | . 26 0.38 Shear 
1032 | 6.09 5 0.32 Shear 


to a maximum moment value, equals the ratio of this maximum moment and 
the distance between the centroids of the concrete compression and steel tension 
stresses. If no shear is assigned to the concrete and the same tensile stress 
is allowed for the main and web steels, the area of the web steel in this length 
of the horizontal section of the girder equals the area of the main steel at the 
point of this maximum moment. This condition is designated as full shear 
reinforcement and it is characterized by the A,/A, ratio of unity.* 

This condition exists, in the case of a simple girder, if the web steel area in 
the horizontal section from support to support is twice the maximum bottom 
steel area; in case of a continuous span, if the web steel area from support 
to support equals the sum of the two negative steel areas over the supports 
plus twice the maximum positive steel area at the bottom of the girder. 

The A,,/A, ratios and the cause of failure of test beams' are listed in Table 
B. These data, which are typical for a large number of test beams, illustrate 
the meaning of this ratio. The shear reinforcement of beam No. 1032 con- 
formed to the 1951 code for f.’ = 2134-psi concrete. Although the actual 
f.’ was over 4000 psi, shear failure occurred at 76 percent of the load causing 
tension failure of the beam with full shear reinforcement containing 3 percent 
less total steel. 

The A,,/A, ratios of long-span girders built since 1904 indicate that design 
practice in providing shear reinforcement was rather similar in various countries 
until the 1940’s when the reduction of shear reinforcement began in the 
United States. Examples will illustrate conditions. 

Six continuous girder bridges ra a ry frame built in Hungary? from 1904 
to 1913, 62 to 126 ft spans, had A,,/A, ratios of 0.62, 0.66, 0.69, 1.14, 1.25, 
1.34, and 1.91. The ratios smaller ae 1 refer to bridges in which the girders 
were haunched and also gradually widened toward the supports. The maxi- 
mum shear was 60 psi and the maximum shear assigned to the concrete was 
20 psi. These ratios show that the 1907 type specifications, assigning 64 psi 
" *The total shear in length a of the girder is 
Substituting V/bjd for v ei 

N = Va/jd.... 
Va is, however, the difference between ’ it moments st the end sections of length a. Therefore 


If a denotes the distance between a moment zero point and a maximum moment, then 
N = maz/) . 
Dividing both sides of Eq. (4) by the allowed “se stron fe 
i/fe = maz/ jas 
Denoting N/fs = Aw, then Eq. (5) peer ¥ y 
Av = a 
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to the concrete in the full length of the girder, were not used in actual co: 
struction. The same holds for German practice. 


The A,/A, ratios of six continuous girder bridges built in Germany? aft: 
1925, spans 64 to 146 ft, are 1.00, 1.01, 1.12, 1.14, 1.28, amd 1.47. Shea: 
reinforcement consists of bent bars and equally spaced stirrups. 


Six continuous girder and frame bridges built in Italy* from 1928 to 1930 
spans 55 to 138 ft, have A,,/A, ratios of 1.00, 1.01, 1.02, 1.05, 1.17, and 1.26 
The bars are bent almost always one at a time according to the moment 
diagram and small diameter double stirrups are equally spaced throughout 

The A,,/A, ratios of long-span girders built in the United States from 1915 
to 1930 varied up to 2 in railway bridges, from 0.94 to 1.77 in 21 highway 
bridges having spans up to 42 ft, or about one-third of the span commonly 
used in Europe during the first decade of the century. Hooks were seldom 
used, bent bars always, and stirrups of varying spacing throughout. The 
bars were bent according to office standards. By the use of main steel all 
hooked and bent according to the moment diagram and smaller diameter 
stirrups, full shear reinforcement could be provided with from 10 to 30 per- 
cent less total steel than contained in these girders. The standard bending 
practice of the main steel and the use of stirrups in building frames, always 
exceeded the specified shear reinforcement requirements. 

Seven continuous rigid frame bridges, having spans from 40 to 70 ft, and 
three long-span building frames of the writer’s design were built in mid- 
western states from 1927 to 1930. Their A,/A, ratios were larger than 1, 
all reinforcement was hooked both ends, and where necessary bent along the 
path of the stress trajectories. These pioneering structures were built for 
record low prices, showing that bent steel designs can be economical in the 
United States. 


A,,/A, ratios from 0.65 to 0.86 were achieved by the use of thick stirrups 
in the full length of continuous bridge girders, 50 to 90 ft spans, built in the 
United States during the 1940’s. The more widespread use of long-span 
building frames began at this time and gradually the use of bent bars and 
stirrups in the full length of the girders was discontinued to such an extent 
that failures occurred. Among these the Air Force warehouse frame failures 
are the most instructive. 


Three hundred of these 400 ft long frames having spans 66.42 ft long, 4.5 
ft deep at columns and 3 ft at the center 60 percent length of the span, 20 in. 
wide, were built from 1953 to 1955. No shear reinforcement was provided 
in the center 54 percent length. The stirrups in the haunched lengths resulted 
in an A,,/A, ratio of 0.1, indicating a 1/10 sufficiency in shear reinforcement. 
Revision of the plans in the spring of 1954 increased the A,,/A, ratio to 0.15. 
Girders reinforced in such a manner cannot carry computed load. The de- 
sign for rebuilding these frames provides 9.23 times the shear reinforcement 
in the collapsed girders with an A,/A, ratio of 0.825, using stirrups only. 
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Structural peculiarities 


Continuous haunched test beams No. 1107, 1115 and 1116, of 1 = 15.75-ft 
span, revealed® in -1927 that the amount of web reinforcement from the zero 
moment point, at 0.63 /, to the support decided the carrying capacity of these 
beams. Beam No. 1107 had 66 psi shear assigned to the concrete in 0.28 / 
length centered on the zero moment point. It failed in diagonal tension 
at 0.7 1, due to 85 percent of the load carried by beam No. 1115 with full shear 
reinforcement, which failed at 0.33 1 because of main steel tension. Beam 
No. 1116 had shear assigned to the concrete from 0.45 1, 66 psi, to the sup- 
port, 17 psi. It failed in diagonal tension at 0.78 1, where 47 psi shear was 
assigned to the concrete, due to 77 percent of the load carried by beam No. 
1115. The A,/A, ratios of these beams from the zero moment point to 
the support were, 0.89, 1.14, and 0.57, respectively. 


Test beams and actual girders indicated that the reduction of the A,,/A, 
ratio from the support to the zero moment point below unity, resulted in 
diagonal tension failures at reduced carrying capacity. If the carrying 
capacity of the girder with unit A,,/A, ratio in this region is designated as 
100 percent, then an approximate expression of the reduced carrying capacity 
becomes: 


Crea. percent = 100 [2 (Aw/A,) — (Aw/A,)*I 


The requirements of equilibrium at the surfaces of the diagonal breaks 
reveal that the presence of an inclined compressive force could effectively 
diminish diagonal tension, near the points of contraflexure; however, such 
a force cannot develop. As the diagonal crack extends across the depth 
of the girder large tension develops in the main steel (which therefore should 
be extended beyond the theoretic requirement of the moment diagram at 
such locations); because of the lack of web steel the diagonal crack continues 
along the main steel and destroys the bond. 


Computations*®.’ and tests® indicated torsional shearing stresses much larger 
than the vertical shears, which are additive, in the edge girders of a system. 


Because of the peculiarities of various structural arrangements, the factor 
of safety of long-span girders having A,,/A, ratios much smaller than 1 is 
rather uncertain. Less than full shear reinforcement in 60 percent of the 
length of the girder is not defensible. Using bent steel, such reinforcement 
eutomatically results, to which small diameter closed stirrups should be added 
in the full length of the rectangular or edge girders. Such reinforcement 
costs less than straight bars and large diameter stirrups, and is stronger. 


Reinforcement arrangements 


As long as complete bond exists, the straight bar and stirrup, orthogonal, 
reinforcement is equivalent to the bent bar and stirrup, trajectorial, arrange- 
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ment in that the stresses and deformations satisfactorily conform to th 
common bending theory in both cases. When the bond ceases to be complet: 
the orthogonal reinforcement cannot hinder deformations as effectively as 
the diagonals of the trajectorial reinforcement. For this reason the carrying 
vapacity of a girder reinforced by the former may be much smaller than of a 
girder reinforced by the latter.’°-"" Stirrups. begin their contemplated 
action only after they are crossed by a crack, when redistribution of th 
stresses occurs which may produce also secondary cracks. When used in 
conjunction with bent bars, stirrups are much more efficient in hindering 
the enlargement of diagonal cracks, and the concrete hinders the elongation 
of the stirrups in inverse proportion to their diameter. Bent bars and smal! 
diameter stirrups constitute, therefore, the superior arrangement. 


Relative economy of reinforcement 


Bids proved that a carefully worked out trajectorial reinforcement always 
costs less than an equivalent orthogonal reinforcement. The bent bar is well 
anchored, it is fully developed as main steel at the bend, and it takes diagonal 
tension 40 percent more efficiently than stirrups which cost 70 percent more 
per lb. The reasonably largest size of bent bars and the reasonably smallest 
size of stirrups give the most economical combination. 


The average ratio of the main bar and stirrup diameters in the European 
designs listed in the foregoing is about 4:1, whereas in the contemporary 


domestic structures 2:1 ratio is the most common, in 1943 the ratio 1.6:1 


also occurred. In the redesigned Air Force warehouse frames this ratio is 
2.8:1. 


Design procedures 


The magnitude of the dead loads can be computed with satisfactory accu- 
racy; their distribution is less certain. The live loads are given; the share of 
the girder from these loads, however, is greatly affected by the structural 
arrangement and by the type of the loadings. A girder may carry a small 
fraction of or the entire concentrated loads placed on it. These loads may 
produce besides the bending shears much larger torsional shears and the 
girder may also contain compression reinforcement. 

Since the live load distribution provisions of the bridge specifications are 
inadequate and faulty, and it is not customary to compute load distribution 
and torsional shears in building design, the actual shearing unit stresses may 
deviate considerably from the computed values. 

It has been well established knowledge for over 40 years that the tensile 
strength of the concrete limits the occurrence of cracks independently from 
its shearing and compressive qualities. Reasonably, also diagonal tension 
has been taken by bent steel and equally spaced stirrups in the design prac- 
tice of long-span girders outside of the United States. Depending how closely 
the web steel areas fit the shear diagram and how closely the A, areas fit 
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the moment diagram, A,, is the same, less, or more than A,. The use of the 
A,,/A, ratio in the design of girders of regular proportions and loadings is a 
rapid procedure. 

Providing web reinforcement for two-thirds of the shear to a point beyond 
the extreme position of the point of inflection involves computations which 
can hardly improve upon the quality and economy of the girder. It has been 
proved that full shear reinforcement can be provided by design skill, with less 
steel than was used for half shear reinforcement in a not-so-careful design. 
In view of the inaccuracies in establishing the actual magnitude of the vertical 
shears and that really large torsional shears are neglected, furthermore that 
stirrups are needed also for other purposes, complicated specifications for 
unknown conditions and taking risks with a non-uniform factor of safety of 
the main carrying elements of long-span structures, do not appear to be 
justified. 
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By WILLIAM A. CORDON* 


Committee 318 is to be complimented for adopting flexible compressive 
strength requirements, Section 304(c). The purpose of this discussion is to 
point out a slight discrepancy which the committee may wish to consider. 

Assume that concrete is produced which will meet the first part of the first 
requirement and the average of all tests is equal to the specified strength. 
If the strength tests fall into the normal distribution pattern with an average 
coefficient of variation of 15 percent, then 50 percent of the tests will fall 
below f.’ and 25 percent will fall below 90 percent of the specified strength. 
This will obviously not meet the second requirement that not more than one 


*Associate Professor of Civil and Irrigation Engineering, Utah State Agricultural College, Logan, Utah 
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TABLE C—PROBABILITY OF TESTS FALLING BELOW A SPECIFIED STRENGTH 
BASED ON A PROBABILITY OF ONE LOW TEST IN TEN* 


Average of group 
Number —— —- Consecutive 
of tests 1 in 10 below 1 in 10 below tests 

i 90 percent of f.’ 


] 0.10 0.25 0.10 


0.03 0.17 0.01 


2 
3 0.01 0.12 0.001 
4 


0.005 0.09 0.0001 
5 0.002 0.07 0.00001 


6 0.0008 0.05 0.000001 


*A test is the average of one or more specimens taken from the same sample of concrete; f-’ = 3000 psi; } 
15 percent. 


test in ten shall have an average strength less than 90 percent of the specified 
strength. The implication that the strength of concrete would be suitable 
with an average as low as the specified strength should be avoided. Five 
consecutive tests with an average as low as the specified strength will occur 
about 7 times in 100 as shown in Table C. This requirement may be more 
restrictive than necessary but in any event precludes the necessity of specifying 
a lower limit for the average of all tests. 


By CLAYTON M. CROSIER* 


This discussion relates only to the first two articles of Chapter 9, Bond 
and Anchorage, of the newly revised ACI Building Code. 

As we all know, bond is a critical factor in reinforced concrete, one about 
which we know much but by no means all. We know that bond stresses in 
flexural members, like other stresses, are not what an elastic analysis would 
indicate. We have some experimental data, such as the carefully detailed 
report of Mains,' but not enough to constitute adequate basis for an empirical 
method of calculating bond stresses. 

Fortunately, amid all of this partial knowledge and many uncertainties, 
there is one dependable fact: The bond force acting on the surface of a dl 
length of tensile reinforcing bar, or group of bars, is equal to the difference 
between the axial pull on the two ends of that di length—wodil = dT. If 
the bars are in compression, uo di = dC. It follows that 


dC 
ue = and u.= —— 


ro dl Yo dl 


This is funadmental and invariable. No other fundamental expression for 
bond stress exists. 


*Associate Professor of Civil Engineering, University of Kansas, Lawrence, Kan. 
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It would seem desirable for this fundamental to be stated at the bes 
of Section 901 of the Code. 

The expression u = V/Zo jd is derived from u = dT'/Zo di when, and 
when, dT varies directly as dM and when, and only when, the d7/perime 
of a single bar is one-Nth of the d7’/Zo of the group of N tensile bars. 
are at least two important cases in which one of the conditions is not s: 

(1) Consider the case of a flexural member reinforced in tension 
bars of diameter D, and Nz bars of diameter Dy. Assume that dT7 di 
directly as dM. Assume further, for simplification, that the centers of 
of the bars are at the same level, making the internal moment arm the 
for all bars. Given these conditions, it is nothing new to point out 
u; # U2 # V/Lojd. Instead 


dT, dT Az 
“u = — = —— 


Lo; dl ro, dl A, 


“= 


Lo jd 


in which D represents bar diameter. 

From this we see that the calculated bond stress on the larger bars is greater 
than is obtained by applying Section 901, that on the smaller bars smaller, 
u;/Ue being equal to D,/Dez. As a specific example, if the bars used were two 
#11 and two #5, ui: would be 1.2(V/Zo0 jd). It would seem that an increase 
of 20 percent in calculated bond stress should not be disregarded. 


Please do not misunderstand—I am not claiming that the actual bond stress 
on the #11 bars of the example would be 1.2(V/oe jd). The formulas derived 
above do not give the actual bond stress any more than the formula Ve jd 


gives the actual bond stress in a beam reinforced in tension with bars of the 


same size and length. I am saying that when a beam is reinforced with 
different sizes of tensile bars, Eq. (1) above must be used to obtain a eal- 
culated bond stress that is as valid as that which would be obtained from 
V/Zo jd if the bars were all of the same size. 

(2) Consider the case of a group of bars providing tensile reinforcement 
for negative bending, half of these bars being cut off, or bent down, where 
moment permits. To simplify the consideration, let us ignore the extensions 
of the bars past the theoretical cut-off points, 7.e., let us assume that, as shown 
in Fig. B, half of the bars extend just to the section of zero moment and the 
other half just to that section at which the moment is one-half the maximum 
moment. Actually, of course, the bars should be extended, straight or bent, 
past these theoretical cut-off points, as indicated by the dashed lines in Fig. B, 
to provide a margin of safety. We will not complicate this discussion with the 
consideration, which may be pertinent, as to which is preferable, straight 
extensions or trussed bars. 
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Fig. B—Plan of tensile reinforcement in 
beam 











Fig. C—Negative bending moment in 
beam 


Fig. D—Stress in long bars 


Fig. E—Stress in short bars 


We will assume that for each and every dil portion of the beam, d7’ varies 
directly as dM, dT/dM = a constant. We will assume also that the con- 
crete does not provide any tensile resistance. May I emphasize that these 
are assumptions, basically the same assumptions that the authors of the 
Code have made in Section 901 by writing u = V/Zo jd. The assumptions 
are not true, but are as justifiable in the case we are discussing as in the 
general case covered by Section 901. 


In the discussion that follows: 


Zo = sum of the perimeters of all tension reinforcement at the section considered 

yo, = sum of the perimeters of the short tension bars only that cross the section con- 
sidered 

V, = total transverse shear at the support 

f. = allowable tensile stress in the reinforcing bars 


If the loading is uniformly distributed, the moment curve will be some- 
thing like that shown in Fig. C, the shape depending on the shear at the 
section of zero moment. We will assume that the steel stress at the face of 
the support is f,. The stress distribution in the long bars, under the assump- 
tions made, is as shown in Fig. D, definite from e to c, perhaps constant from 
e to s but quite possibly varying in some manner as indicated by the dashed 
curve. In like manner Fig. E depicts the stress variation in the sport bars. 


An objection to this analysis may be raised: “I can not conceive of two 
adjacent bars having different stresses unless one of them is slipping.’’ There 
is point to this argument. Obviously, however, if some of the bars are bent 
down or cut off, the stresses in adjacent bars of different lengths will be 
different, very different near the ends of the short bars. If none of the bars 
is slipping, horizontal elements of the section are not straight but warped. 
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If it is to be argued that this is impossible or undesirable, the 
is: do not cut or bend part of the bars. 


The solid curve of Fig. D from e to c and that of Fig. E has, at each 
a slope that is directly proportional to the slope of the moment curve 
C, and therefore to the shear at the section. 

For either the long pair or the short pair of bars, in 
A,, and o of that pair only, 


= = ¢ a constant 
ro dl ro dl 


It follows that the bond stress on any bar at any section is directly propor 
to the slope of the stress curve for that bar, as shown in Fig. D or E 


If the stress variations follow the solid curves of Fig. D and E, it is e 
from the above discussion that no bond stress exists on the long bars | 
c and s and that the bond stress on the short bars 


dT, dM V 


~ Zo,dl jdZo,dl Lo, jd 





From which 
Vv, 
Ai zo, jd 


This means that in the case of the specific beam being considered, under 
the stated assumptions, the critical bond stress is exactly twice that which 
would be obtained by applying Section 901. If two out of five, instead of 
two out of four, bars were cut off or bent down where moment permitted, 
the critical bond stress would be 2!4 times that which would be calculated 
by Section 901. 

The proof that the bond stress in such a case must be calculated by using 
only o,, briefly stated above, was given in a different manner by Mylrea? 
in 1948. 

We have not. said that V,/Zo, jd gives the true maximum bond stress. 
I am saying that to the extent to which it is justifiable to calculate maximum 
bond stress in a beam that is reinforced in tension with bars of the same size 
and length by V,/Zo jd, to a like extent it is not justifiable to calculate maxi- 
mum bond stress by that formula in the case of a beam reinforced in negative 
bending by bars some of which are cut off or bent down where moment per- 
mits in the region of negative bending. In this case it is justifiable, to the like 
indicated extent, to calculate the maximum bond stress by using only the Lo 
of the short bars. 

It is argued by some in support of the method of the Code that no one 
knows how the stress varies from section c to s. That is true. We do know, 
however, that if the stress in the long bars is less at some section, the stress 
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in the short bars must be equally greater, because the total tensile fore: 
acting at the section must equal M/jd, a constant at a given section under : 
given loading. For example, if the stress in the long bars follows the dashed 
curve of Fig. D, that in the short bars follows the dashed curve of Fig. E 
Furthermore, the bond stress on any bar is still directly proportional to the 
slope of the stress curve. 

If the solid curve of Fig. E were a straight line, any other stress variation 
from c to s would produce a curve having a slope at some sections greate) 
than that of the straight line. In other words, given a beam in which nearly 
all of the bending moment is produced by approximately concentrated loads 


V, 
Umar = Zo, jd 

To the degree to which the solid curve of Fig. E departs from a straight 
line, only to that degree is it possible for any stress pattern other than that 
represented by the solid curves of Fig. D and E to result in a maximum bond 
stress less than that given by V,/Zo, jd. As we all know, it is a rare loading 
that will produce a moment curve such that the solid curve of Fig. E would 
depart much from a straight line. 

Someday we will have sufficient data to justify the use of empirical formulas 
for calculating bond stress. Until that time, safety requires, it would seem, 
that in case part of the negative-moment tensile reinforcement in a beam is 
cut off or bent down in the region of negative bending, the Do used in the 
bond formula should be only the sum of the perimeters of the set of short bars 
—shortest bars, if more than two lengths of bars are used. 


REFERENCES 
1, Mains, R. M., “Measurement of the Distribution of Tensile and Bond Stresses Along 
Reinforcing Bars,’’ ACI Journat, Nov. 1951, Proc. V. 48, pp. 225-252. 
2. Mylrea, T. D., “Bond and Anchorage,” ACI Journat, Mar. 1948, Proc. V. 44, p. 542. 


By HARRY ELLSBERG* 


An apparent contradiction has been noted between the customary appli- 
cation of the 1951 ACI Building Code and the floor discussion at the 1956 
convention on the revisions adopted. The discussion with the panel com- 
posed of members of Committee 318 indicated that reinforcement for shear 
in flat slabs was not permitted. 


For many years a published data sheet on shear head reinforcement has 
been used as a guide for the design of shear reinforcement in flat slabs under 
earlier ACI Building Codes. The design method and details suggested followed 
general Code provisions limiting total shear, portion of shear to be carried by 
concrete, and portion of shear to be carried by reinforcement, as well as 
~ *Chief Structural Engineer, Giffels & Valet, Inc., Detroit, Mich. 
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other provisions for bond, anchorage, and allowable steel stress. Such de- 
signs have apparently proved their value by performance and have been 
generally accepted by most official regulatory agencies. 

The 1956 revision does not prohibit shear reinforcement, but, in common 
with earlier Codes, neither does it specifically prescribe a procedure for their 
design. Section 1062(c)2 does specifically limit the portion of the shear to be 
carried by the concrete by the inclusion of the otherwise meaningless phrase 
‘ .. for the concrete...” It is the writer’s opinion that the Code could be made 
more useful by including limits for the portion of shear to be carried by shear 
reinforcement instead of leaving the user to apply the provisions of Table 
305(a). Furthermore, any special conditions for the design or details of 
such reinforcement differing from the general provisions in Chapters 8 and 9 
should be set forth here in Chapter 10. For instance, it might be necessary 
from a practical standpoint not only to limit shear reinforcement to slabs 
thicker than say 8 in., but to specify that allowable shear values involve the 
following points: 

1. Attention, in design of reinforced concrete, to the shear on the section, 
will require taking into consideration that the ratio of depth to span is an 
important factor in establishing a safe shear value (a relatively flexible con- 
struction can result in cracks at critical shear sections. 


2. The allowable peripheral shear value on flat slabs having drop panels 


and column heads over which pass top slab reinforcement, not only in two 
ways but sometimes four ways, should not be taken as the same allowable 
peripheral shear value in the relatively flexible flat plate having no column 
heads or drops, and especially not where floor openings on two sides of a 
column constrict not only the placing of shear heads but also the passage of 
top reinforcement over the column head. 

When, in the latter case, reinforcement can pass over the column head in 
only one direction, we should take note of the fact that we may then have 
only one-way construction (and subsequently a limited shear action in the 
slab). 

3. Another concept in the matter of shear which has been brought to the 
attention of the engineering profession for a number of years now, and is 
only recently getting due consideration, is that long spans may involve con- 
siderable volumetric change resulting in cracks at critical shear sections, 
and requiring special care in such cases to the length of top bars and placing 
of stirrups. 


By JACOB FELD* 


The following discussion of the proposed revision of “Building Code Re- 
quirements for Reinforced Concrete (ACI 318-51)” concerns the text as 
printed in the December 1955 JourNnau and as further modified during the 
meeting in Philadelphia by amendment submitted by the committee. 

In general the modifications proposed are an improvement over the 1951 


*Consulting Engineer, New York, N. Y. 
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Code, but a number of points require further clarification. It is necessary 
that this code be precise with no leeway of interpretation since it is used 
in so many cities and by so many authorities as the ultimate criteria for 
reinforced concrete design. 


Discussion refers to the sections as numbered below. 


In Section 203(b), the deflection measured is from the test load only and 
this must be clarified in the limitation given. Also there seems to be an 
overlap in permissive values between Section 203(b) and Table 203(c). In 
Section 203(e), a minimum value of the deflection which is acceptable without 
any restriction of percentage recovery must be inserted. Otherwise if the 
deflection from the load test is small and only half of it is recovered, the test 
is not satisfactory. This is analogous to the difficulty in load tests for foun- 
dations. 


Section 304(c) should be corrected to delete the word “average” in the 
sixth line since it is not necessary to talk of an average of a single value 
and may lead to confusion. 


Section 503(a) is much too liberal in permitting sleeves or pipes to be 
considered as replacing structurally the displaced concrete. Such permission 
should only be given with limitations on the percentage of concrete displaced 
especially around columns in flat slab floors and in beams and supports. This 
section should be correlated with Section 1002(e) which talks of openings 


in flat slabs. If the steel or iron pipe is considered a complete replacement 
of the concrete, then it must be given the corresponding shear and com- 
pressive values and therefore there is practically no restriction to the spacing 
or size or number of the sleeves. 


In Section 503(b)9, there seems to be no justification for prohibiting screw 
connections in embedded pipes. 


In Section 601(a) it is dangerous to delete the two assumptions previously 
included as the basis of the straight-line theory of flexure. If omitted, there 
are a great number of possible assumptions which can be used, leading to all 
kinds of possible answers. It is noted that the alternative permissive ultimate 
strength method is based upon a list of six assumptions definitely worded. 


In Section 701(c), a clear definition should be given of when a discontinuous 
end is to be considered “integral with the support.” Just placing the con- 
crete as a unit is not sufficient and therefore reinforcement must be provided. 


In Section 702(e), minimum reinforcement percentages for slabs and for 
positive reinforcement in any section should be enlarged to require a mini- 
mum percentage of reinforcement for all concrete members at any section 


over the full length. 


In Section 807, the minimum web reinforcement specified should be clarified 
to indicate that the amount is the summation of all of the vertical or diagonal 
legs. 
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The restriction in Section 1002(c)1 which permits only three-fourths of 
the width of band or drop to be considered in computation of compressive 
stresses when flat slabs are designed by the empirical method, and no such 
requirements when flat slabs are designed by elastic analysis, does not seem 
consistent with the requirements that in the former method, columns must 
be substantially in line and therefore compressive stresses are linear whereas 
in the elastic analysis procedure, there is no such limitation and bands can 
make turns in any direction. It seems to the writer that this limitation 
should be required in both procedures. 


In Section 1002(e), comments on openings should be correlated with the 
permissive provisions of Section 503. 

Regarding Section 1003(a)4, in the trade, metal column capitals are known 
as removable steel form units and apparently the intent of this provision 
has no connection with such material. Generally what is intended is cus- 
tomarily called ‘‘shearheads.”’ 

In Section 1101(a), there is no theoretical objection to 8-in. columns, but 
it must be kept in mind that a column has two lines of reinforcement and 
hoops and all that steel in 8 in. width doesn’t provide too much space for 
placing of the concrete. It may be advisable not to go below the 10-in. di- 
mension for practical reasons. 

In Section 1111(h), the reduction in the vertical reinforcement for walls 
is justified in relation to the required horizontal reinforcement. However, 
since concrete walls are still giving a tremendous amount of trouble in crack- 
ing from shrinkage and temperature, it may not be advisable to reduce the 
reinforcement minimums. The faster production of concrete placing together 
with the use of finer ground cement, all to get greater speeds, is not con- 
sistent with desires to provide usable as well as pleasing concrete surfaces. 
Any additional reduction in measures to avoid exposed cracking seems in- 
advisable. 


I hope the above comments will be of some use to the committee 


By R. V. HAUER* 


This discussion is to call attention to Eq. (A3) and (A4), Section A606 
(Rectangular beams with compressive reinforcement). 

The equations do not cover all possible cases. In existing beams it is 
conceivable that the compressive reinforcement is greater than the tensile 
reinforcement. In such a case the ultimate moment is evidently limited to 


M,=A,f, (d—d’) 


May I suggest including this case in the revised code. 


*Structural Engineer, Albert Kahn Associated Architects and Engineers, Inc., Detroit, Mich. 
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By F. N. MENEFEE* 


The proposed revisions of the Building Code are a great improvement. 

No code is perfect; as of a given date there will always be a lag between 
code content and the latest developments of the subject matter. Section 
103 pretty well takes care of such situations. But where it appears from 
developments subsequent to the adoption of the Code, that following specific 
requirements of the Code may prove dangerous in certain phases of design, 
revision should be made as soon as possible. Perhaps Committee 318, should 
have a subcommittee to review suggested changes, immediately they are 
presented and make recommendations. 

As past chairman of ACI Committee 711, the writer has encountered dis- 
satisfaction with one or two sections of the Code and doubt as to whether 
“Minimum Standard Requirements for Precast Concrete Floor Units (ACI 
711-53)” is a part of the ACI Building Code. We of the ACI need, now and 
then, to have our attention invited to the fact that some of the smaller cities 
have building commissioners who are neither engineers nor architects and who 
hesitate to depart the least bit from their written ordinances, or who may be 
under influence of established interests who frown upon new developments 
not included in their own operations. Most of our cities have ordinances 
specifying that reinforced concrete shall meet the requirements of the ACI 
Building Code. But the writer has encountered two large cities where a 
competitive situation provided a reluctance on the part of the building com- 
missioner to make use of the ‘‘Minimum Standard Requirements for 
Precast Concrete Floor Units,’’ because of the legal technicality regarding 
the way their ordinance reads where it makes reference to the ACI Building 
Code with no reference to the supplementary standard mentioned above. 


A NEW SECTION 106 


Such a situation could be avoided by a Section 106, reading as follows: 
“106—ACI Supplementary Standards.” 
“The specifications in the ACI standards listed below, with their committee desig- 
nations, are declared to be a part of this code, the same as if they were fully set forth 
therein.” 


Then follow with the list of ten or more ACI standards, such for instance as, 
“Minimum Standard Requirements for Precast Concrete Floor Units,’’ as 
compiled by ACI Committee 711. 


SECTION 202 


The writer believes that the proposed revision of Section 202 is an im- 
provement. However, from the title, namely, “Load Tests of Existing 
Structures,” it appears that both paragraphs (a) and (b) apply to existing 
structures either with floors cast in place (monolithicaily) or with precast 
joist. However, with precast joist it may be desirable to test the joist at the 
factory before installing in a structure. 


*Professor of Engineering Mechanics, University of Michigan, Ann Arbor, Mich. 
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Hence it seems to the writer that an editorial change might be made which 
would provide for test in the existing structure and for tests preceding in- 
stallation or reference be made to the ‘Minimum Standard Requirements 
for Precast Concrete Floor Units (ACI 711),”’ if the floor or roof is made of 
precast units. Section 101(a) specifically excludes prestressed concrete from 
the requirements or provisions of the Code, but no such exclusion is mentioned 
in connection with precast concrete. Hence by inference, some building 
inspectors will assume that Section 202 applies to precast concrete, which 
would be all right if it were already installed in the existing structures. 

In paragraph (a), the second sentence might be a little clearer if it read: 
“prior to the application of the test load, a load equivalent to that portion 
of the design load which is not already present—shall be applied 4s 


SECTION 203 


The writer is confused by the difference in allowable deflection permitted 
in paragraphs (a) and (b) unless a structure in (a) is something different 
from a floor or roof construction, such as referred to in paragraph (c). Per- 
haps a structure should be defined in Section 202. 


SECTION 801 


We have all seen recent accounts in the technical press of the failure of 


the rigid frame roof bents which supported prestressed roof beams in a U. 8. 
Air Force warehouse in Shelby, Ohio.* The failure took place at the point 
of contraflexure, near the quarter-points of the continuous bent. ‘‘The 
design of the warehouses admittedly is in accord with current practice under 
the 1951 ACI Code”—Engineering News-Record, Nov. 10, 1955. 

As a result of an investigation by Ammann and Whitney, they are recom- 
mending a modification of Section 801 of the Code. This recommendation 
is concurred in by Robert J. Hansen, Nathan M. Newmark, and Chester P. 
Siess. While the recommendation is not exactly what the writer proposed 
in 1952, the proposed change is a great improvement over present Section 801. 

In 1952, the writer was consulted in connection with a failure of some 50-ft 
precast joists in Miami. Local engineerst designed and had some new joists 
made which were just within ACI Code limits as to positive and negative rein- 
forcement, but well within the Code limits for shear. These joists were I- 
beam in cross section, 50 ft long, 14 in. deep, 5 in. wide top and bottom, and 
3% in. thick in the web. They were designed jor a DL (including their own 
weight) of 132 and a LL of 125 lb per linear ft, respectively. They were sup- 
ported at 10 ft from either end. The longitudinal reinforcement, top and 
bottom, was held in proper space relationship by #3 vertical bars welded to 
the top and bottom bars, and spaced 2 ft 85% in., except that just inside the 
1 ft wide supports, the first vertical rod was 1 ft 7% in. from the centerline of 
the support. 


*Engineering News-Record, Aug. 25 and Nov. 10, 1955; Jan. 12, 1956. 
tRiley and Ross, Architects and Engineers, Miami, Fla. 
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By ACI 318-51, the allowable v, was 113 psi. The shear stress for design 
at the support by Eq. (12) was 92 psi and at the point of contraflexure, 
4.17 ft from centerline of the support, it was 66 psi. Then by the Code there 
was no need, as far as shear was concerned, for either slant or the vertical 
rods. Except for holding the top and bottom longitudinal bars in place in 
the manufacturing process, the vertical rods could have been omitted. These 
joists were tested in pairs, 4 ft apart with solid concrete bridging at the ends 
and supports, and with 5% in. round bars welded to steel blocks in the tops of 
the joist at 3-ft intervals. Loading was accomplished by placing precast 
concrete roof slabs across them, providing a load of about 42 lb per linear 
ft per joist. 

The beams were beyond recovery at 252 lb per linear ft per beam, approxi- 
mately the design load. They failed completely at 313 lb per linear ft. At 
127 lb per linear ft, diagonal tensile cracks appeared at the points of contra- 
flexure and possibly at the same time half way between the supports and the 
points of contraflexure. Final failure resulted from a sudden opening of the 
diagonal tension cracks at these latter two locations, and between the #3 
vertical bars spaced 2 ft 85% in. 

The vertical tie rod 1 ft 1% in. from the centerline of the support, and the 
negative reinforcement, probably prevented failure by diagonal tension just 
inside the supports, for at that point the shear amounted to about 3855 lb, 
whereas at the point of contraflexure it was 2780 lb. 

Many were the attempts made to explain this failure where the design 
for shear fell within Code requirements, and several, although futile, attempts 
were made by the writer to arouse interest in a thorough review of Section 801. 

The following analysis may throw some light on this 1952 Miami failure 
as well as on that in 1955 at Shelby, Ohio. 

First, let us keep in mind that we of the ACI put all of the responsibility 
on our moment steel for the tension in top or bottom of members subject to 
bending. We assume cracking of the concrete. But in considering diagonal 
tension due to shear, we assume that it is only in part taken by the steel. 
This in spite of the fact that once the diagonal crack takes place the steel 
must take all of the diagonal tension. If we have 3750-psi concrete we not 
only do not assume cracking, but we assign 112.5 psi of tension to be carried 
by the concrete. 

At this point let me quote from Sutherland and Reese, 2nd Edition, 1950, 
p. 94, under the paragraph heading—Diagonal Tension in Reinforced Con- 
crete Beams: ‘The function of the reinforcement is not to prevent cracking, 
that being impossible; but to keep any one crack from opening up widely; 
thus it compels the formation of many minute cracks instead of a single 
large one which would cause failure.” Later in the paragraph it appears 
that the conclusions to be drawn from this statement are to some extent 
abandoned, yet for some precast joists the writer believes it unwise. 

In the joist subject to test in Miami, the transverse and longitudinal shear 
stress at design load by Eq. (12) was 66 psi or 46 psi less than that which 
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the concrete was supposed to take without assistance from steel. The two 
shears on planes at right angles produced statically, 66 psi of tension on one 


45-deg diagonal and 66 psi of compression on the other. The compressive 
| 


stress perpendicular to the tensile stress, produces a strain in the direction 
of the tension by Poisson’s ratio, of at least 0.15 of the strain produced by the 
tension itself. Hence, the tensile strain is actually 1.15 greater than if no 
compression were acting. So we add 0.15 of 66 psi or 10 lb to our 66 psi and 
really have 76 psi diagonal tension instead of 66 as given by Eq. (12). 


But before any of this happens we have tension set up by shrinkage. The 
cross-sectional area of the joist was 52 sq in. as compared with a total of 
0.99 sq in. of moment steel top and bottom at point of contraflexure, which 
of course resists shrinkage of the concrete longitudinally. The horizontal 
area of the joist web for each vertical tie rod was 114 sq in. as compared 
with 0.11 sq in. for each steel vertical member. Using a shrinkage coefficient 
of 0.003 for 28 days, one will get about 9 psi tension vertically in the concrete 
and 150 psi horizontally. 

Hence to start with, we have a possible shrinkage stress of 150 psi hori- 
zontal and a 9 psi vertical stress, on a particle at the neutral axis and at the 
point of contraflexure. Then upon loading, only to design load, we have 
superimposed on the shrinkage stresses above mentioned, a 45 deg diagonal 
tension of 76 psi and yet according to the Code existing in 1951 (Section 801), 
no diagonal tension steel was called for. 

From a statics standpoint alone, leaving out the extra tensile stress com- 
puted from consideration of Poisson’s ratio, the compounding of 66 psi shear, 
150 psi horizontal, and 9 psi vertical tension due to shrinkage, we find a 
resulting tensile stress of 176 psi on a plane approximately 30 deg with the 
vertical, almost one-half the possible tensile resistance of the concrete. To 
the foregoing could be added the fact that precast joist undergo more or 
less handling before final placement, which with the shrinkage in some types 
at least, might introduce surface cracks before any load whatsoever had been 
applied. 

The foregoing discussion is necessarily brief. But it presents some of the 
reasons why the writer thinks there are places where the Code for some 
types of precast joists should be more conservative than that for cast-in- 
place concrete. 

The writer does not have sufficient data to apply a similar analysis to the 
Shelby, Ohio, job but he believes if done (providing it has not already been 
done), similar high tensile stresses will be indicated. We do not trust con- 
crete in tension for resistance to bending moment. Why should we not be 
more cautious with respect to tension due to shear? 

The present proposed revision is a welcome step in the right direction, but 
the writer will, generally speaking, put in steel enough to take all of the 
tension due to diagonal shear and possibly a little more to provide resistance 
to the tension set up by shrinkage. 
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By PAUL I. RONGVED* 


The task to write a satisfactory code for reinforced concrete design is a 
great one, and ACI Committee 318 has with this proposal made a great effort 
Many good details have been added, and definite progress has been mack 
compared to earlier editions of the Code. 

It is, however, in my opinion still necessary to make certain changes and 
clarifications in this proposal to bring it up to a standard that can fill the 


needs and requirements of the concrete industry of today and the immediate 
future. 


Precast concrete (Chapter 13) 

Precast concrete cannot be adequately taken care of with a few short 
notes as indicated here. It is a large and increasingly important part of the 
concrete industry and should be covered by a separate code based on the 
present knowledge and practice in this field. 

Many excellent precast concrete products presently used and produced 
are obviously in conflict with the presented proposal. In many cases the 
changes necessary to bring these units within these requirements will com- 
pletely destroy their feasibility and economy. We cannot ask that pro- 
duction of these products to be stopped, nor should the industry be burdened 
with Chapter 13 in its present form. 


Plain concrete 


A few structures in plain concrete are included in this proposal, but this 
subject has not been adequately taken care of. New chapters or a new code 
should cover this important subject in its full scope. 


Ultimate strength design 


The appendix added to the proposed Code for ultimate strength design 
should be brought in closer agreement with the Code itself. 

We are interested in a certain minimum safety and strength of our structures 
and should try to obtain this minimum regardless of which design method 
will be used. In Section 306, for example, the maximum working stress for 
reinforcement in beams is given as 20,000 psi, even if steel with extra high 
yield stress is used. In the appendix, Section A603(e), an assumption has 
been made which would allow working stresses in reinforcement of more 
than 30,000 psi. 


The 50 percent higher working stress means 50 percent more elongation 
of the reinforcement (Z, = constant) and, therefore, 50 percent larger cracks 
in the concrete in the tension zone that is bonded to the reinforcement. Its 
use should, therefore, at least be limited to cases where this is not endanger- 
ing the structure’s safety. In any case, if this is allowed or excluded for one 
design method it should also be for the other. 


In Section 604 certain load factors are given that are rather academic 


*Consulting Engineer, New York, N. Y. 
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since they try to guess the relationship between type of loading and safety 
factor required. At the best these could only be correct as an average. Every 
phase of concrete design and construction is underlain by human judgment 
and workmanship with the unpredictable “mistakes,” “misunderstanding,” 
and “negligence” that takes place where you (also human) least expect it, 
regardless of type of loadings. 


The DL has a special low factor of safety, probably because we can ‘“‘figure 
it exactly.”” What about unauthorized future changes? This load is also 
mostly placed in full as soon as the structure can carry it and sometimes 
has to contend with severe influence from creep and shrinkage, for example, 
in arches and shells with low buckling safety (see remark for columns and 
arches). 


The LL has received a high factor of safety, but this load is seldom placed 
in full and then only for a short duration. 

I believe it is difficult to set accurate safety factors, but the ones used up 
to now have given us good results. If it, however, should be agreed that 
these can be lowered for certain ratios of DL and LL, this should be available 
for standard design as well as for ultimate design. 


Coverage of reinforcement (Section 507) 


Many countries (with use of high quality concrete) have for many decades 
successfully used smaller reinforcement protection than proposed in Section 507. 
Based on these results and the fact that we now have better concrete and 
workmanship than ever before, we could safely use a coverage as proposed 


in Table D. 


TABLE D—PROPOSED MINIMUM CONCRETE COVERAGE OF REINFORCEMENT 


Placed in Placed in Not expoed 

water or forms but Jot exposed to weather 

against laterexposed | Exposed t« to weather with plast- 

Construction Size of bar soil, in to soil or »i in. tered surface 
water, in " 


Footings 
Columns, main #5 or less 
reinforcement* larger 
Beams, main #6 or less 
reinforcement* 





One-way joists, spaced 
max. 30 in. #5 or less 
Two-way joists, spaced larger 
max. 60 in. 
#5 or less 
larger 
#5 or less 
larger 


*Increase dimensions given by \ in. if ties or stirrups are larger than #4 
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Construction joints [Section 508(c)| 


It is often necessary to relocate construction joints. I therefore suggest 
that the following be incorporated in this section: 


Construction joints may be located at other points in slabs, beams, or girders, if 
necessary, provided the entire shear is taken by diagonal reinforcement across the joint. 


T-beams (Section 705) 


(a) Theoretical studies as well as laboratory tests show that the com- 
pression stresses in flanges of T-beams decrease with increased distance 
from the web. Using the equation for the effective flange width of one-half 
the clear distance to the next beam will, therefore, allow an overstress of the 
concrete at the web. To avoid this we might change the 0.5 to 0.45. 

(b) There is a great difference in the carrying capacity of laterally supported 
and unsupported beams with flange on one side only. Due to this fact we 
might incorporate in Section 705(b): 

For beams with a flange on one side only, but laterally braced by one or more cross 
beams, the effective flange width may be figured as one of the flanges in a symmetrical] 
T-beam [see Section 705(a)]. 

(f) There is no need to restrict flange thickness and width of certain T- 
beams to a factor times the web thickness. What we have to be concerned 
about in all T-beams is the shear in the flanges. This should be covered 
under Section 801 (see remark on that section). 


Compression steel in flexural members (Section 706) 


Compression steel in beams and girders has a safe anchoring in the bonded 
concrete if the moment carried by the compression steel is not too large in 
relation to the total moment. We can therefore safely limit Section 706(a) 
as follows: 

Throughout the distance where the compression steel in beams and girders carries 
more than 35 percent of the total moment it shall be anchored by ties or stirrups. 
This is a conservative value that nobody should object to. 

The maximum value of unanchored compression steel in slabs should 
also be limited. I propose that a maximum of 60 percent of the total moment 
be carried by compression steel if no special anchorage is provided. 


Concrete joist floor construction (Section 708) 


Special provisions should take care of two-way joist floors. I propose to 
add the following: 


(a) The joists in two-way joist floor construction shall not be farther apart than 60 
in. face to face. 

(c) and (d) The thickness of the concrete slab in a two-way joist floor shall not be 
less than the 1) in. or 2 in., respectively, and shall be no less than 1/24 of the longer 
span. 


Two-way slab systems (Section 709) 


One of the two methods shown can safely be omitted, and the space used 
for more useful information. 
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Shear (Section 801) 
Some shear stresses cannot be computed correctly by Code Eq. (2), so let 
us take a look at the basis for the shear equation to see where this can be 


improved. In a beam of constant height 


Hence 


Where C is the longitudinal force and z = jd (see Fig. F) 


1 
dC =—dM... 


y 
“ 


From the equilibrium of all horizontal forces we get 


(3) 


] 
vb dx = dC = - ME << 6:0. 


V and therefore get for the shear stress in the neutral 


We know that dM /dx 
axis 


TOTAL 
FORCE C m, COMPRESSION 
\ 





a 





UNIT DOWELING FORCE 


TeV.D 


Fig. F—Shear stress in T-beam 
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(z2 = constant). For beams with variable height, z is also a variable, and w: 
get the following equations 


1dM M dz 


We can write this in a simpler form by the following substitution. Since 
z = jd we get 


dz dd 
1 


=] = j tan a (see Fig. G) 
dz 


dz 
and hence 
V M 
v= — = —t 
bjd —bjd? 


Eq. (6) should be included in the 
proposed code to cover important 
cases of beams with variable height, 
for example, beams with variable 
height or haunches as shown in Fig. 
H, footings with variable height, and 
others. 








The negative sign in Eq. (6) is to ; |_ — 7 oO 
be used when the absolute value of 4 - 

M increases with increased height of 

the beam, and the positive sign if Fig. G—Beam with variable height 

| M | decreases with increased height 

of the beam (compare case 1, 2, and 3, Fig. H). 


From the equilibrium of the horizontal forces, see Eq. (4), we get using 
T’ = vb 


T’ is the horizontal doweling force per unit length of the beam in its neutral 
axis that connects the compression zone of the beam with the tension zone 
(Fig. I). 

If we make the summation along the length of the beam in the neutral 
axis from the point A to the point n, we get the total doweling force over this 


length 
: gos yd dM 
T= T’ dz = — dz = — =C=A,f............(8) 
A ee. 48 


Since we neglect the tension forces in the concrete, 7’ remains constant 
from the reinforcement to the neutral zone. It decreases then as in an homo- 
geneous beam to the value zero at the top of the beam (Fig. Fc). 
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Fig. H—Shear in beam with haunch 


Above the neutral zone the unit doweling force at section m is (Fig. Fa) 


T.! an 


T.’ = unit doweling force at the neutral zone 
Cm compression force outside section m 


With this equation we are able to find the governing shear stresses in the 
flanges of T-beams (see Fig. Fd). It is 


ton 
= vb — 


UV flange " eee 
. Cla 


in this case, the depth of the flange at section m 
unit shear as figured by Eq. (6) or Code Eq. (2 
width of beam at the neutral axis 


To take care of T-beams Eq. (10) 
should be added to Section 801 of the 
proposed Code. The limit for this 
shear stress can be the same as for 
those figured by Code Eq. (2). Top 
and bottom reinforcement acts here 
as the stirrup legs, and can also be 
dimensioned as such. Diagonal bars Per PSone 
can also be used. Fig. |—Unit doweling force T’ in beam 
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Torsion (addition for Section 801) 


Torsion occurs often in our structures and could be covered in the pro- 
posed Code by the following: 
Torsion shear stresses alone shall not exceed those specified for shear in Section 305, 
and if combined with all other shear stresses, this combination shall not exceed 150 
percent of those specified for shear. 
For a rectangular section the maximum torsional shear stress is 


MM tersion 
bt 


Viorston = _C 





For b/t = 1.0 2.0 4.0 8.0 10 or larger 
c = 4.81 4.07 3.55 3.32 3.0 








Torsional reinforcement—Area of longitudinal torsion reinforcement equally spaced 
around the circumference of the section at a spacing ¢ is: 


M torsion t 


A, = sn 
2 f, Ae 


per longitudinal bar. 


A, is in this case the concrete area inside the center of the circumferential reinforce- 
ment. 
The area of stirrups spaced at a distance e is: 


M torsion @ 


"a 


per of stirrup 


Columns (Section 1105 and 1106) 


These sections allow a high percentage of compression steel area compared 
to the concrete area in column sections. This looks like sound engineering 
design if we study the problem as an elastic one. However, if we add creep 
and shrinkage of the concrete to the picture, we will find that we may be on 
dangerous ground. 

Concrete under normal conditions, say inside a building, has an inelastic 
deformation due to creep and shrinkage that is from one to four times that of 
the elastic. 

In concrete columns with compression steel we will have the elastic load 
distribution on the two carrying components at the time when the concrete 
is just made. During the first years an inelastic deformation in the concrete 
will then transfer loads from the concrete to the steel. 

This problem has been solved quite accurately and in good agreement with 
test results. 

The solution shows that if the longitudinal reinforcement is more than 
4 percent of the total area, the concrete stress may change from compression 
to tension, This means that the compression steel must carry more than 
100 percent of the total load. When the yield stress in the steel is reached 
this load distribution will change. With this situation, perhaps a low buckling 
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safety and a low safety load factor too, we have a situation that can be 
dangerous. So until a more specific code has been written on this matter, 
or the exact solution is used, I advise conservativeness in the use of these types 
of columns (Section 1105 and 1106). 


Stability of arches and shells 


The stability of concrete arches and shells is influenced by secondary 
bending caused by creep and shrinkage. Since creep and shrinkage are 
time functions, it is necessary to investigate the stability at the most critical 
time. 

The method suggested in this proposal does not include this, and can 
therefore lead to collapse of the structures. For slender structures with a 
large ratio of dead load to total load this is especially dangerous. Under 
such conditions the inelastic deformation forces can reach a value of about 
100 percent of the calculated elastic values using the above method. A 
conservative use of this suggested method is therefore recommended. 

The required creep and shrinkage analysis for columns, arches, and shells 
are rather complicated and long for a brief discussion like this, but they are 
of great help for the understanding of the play of forces in these kinds of 
structures. Their importance for design increases with increase of slenderness 
of the structure. 

I hope these remarks can be of some help in setting up a better and stronger 


ACI Building Code. 


By RUDOLPH SZILARD* 
CHAPTER 8—SHEAR AND DIAGONAL TENSION 


In the last decades the technical sciences made more use of laboratory in- 
vestigations than ever before. In the field of reinforced concrete design also, 
old theories have been approved or disapproved on the basis of laboratory 
tests and investigations of actual failures of reinforced concrete members. 
The latter furnish even more important information regarding the validity 
of theories and assumptions, since the conditions under which such failures 
occur are real in comparison with the artificial ones of the laboratory tests. 
The “Proposed Revision of Building Code Requirements for Reinforced Con- 
crete” is making use of the accumulated experience, and the American Concrete 
Institute is to be congratulated for taking this progressive step. 

Although the writer is in sympathy with the direction of the changes pro- 
posed in the requirements of web reinforcement (Chapter 8), he feels, after the 
study of American and foreign test results, that a greater degree of change 
is required. In most of the cases our aim is to achieve a greater shear strength 
than flexural strength of reinforced concrete beams subjected to combinations 
of shear and flexure, forcing them to fail in flexure, either in tension or in 
compression. 


*Structural Engineer, Ammann & Whitney, Consulting Engineers, Milwaukee, Wis. 
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Fig. J—Truss analogy of web 
reinforcement 


























Interpreting the numerous test results, we can distinguish two theories: 
a. Truss analogy 
The web reinforcement is designed in the terms of maximum shear, considering 
that the beam acts as a truss (Fig. J). The top chord of the truss is the compression 
zone of the concrete, the bottom chord is the longitudinal reinforcement. The 
tension web members are formed by the web reinforcement and the compression 
members by the concrete of the web. This is the conventional method. 
b. Ultimate shear strength analysis 
The web reinforcement is designed in terms of the ultimate “shear-moment’’ 
containing several empirical parameters. 
Test results of the extensive foreign research directed by Bach and Graf! 
and American research by Moody? prove the validity of two basic assumptions: 
a. No stress can exist in the concrete across the diagonal tension cracks, since diagonal 
tension cracks are wide open before shear failure and the web reinforcement acts alone 
(Fig. K). 
b. The magnitude of the ultimate load, in case of a shear failure, depends clearly 
on the amount and type of the web reinforcement. 


It is well known that the shear capacity of a beam is also a function, up 
to a certain extent, of the quality of the concrete. This phenomenon is in- 
terpreted (in case of conventional method) assuming that the principal con- 
crete compressive stresses are increased in the neighborhood of the reactions 
and loads, in this way reducing the principal tensile stresses. Thus the ACI 
Code allows that certain parts of the shear forces are taken by the concrete. 

Experimental evidence, especially the experimental evidence based on 
full-scale test results, are insufficient at the present time to prove the mag- 
nitude of the diagonal tension reducing effect of the concrete, which is be- 
lieved to be smaller than it is indicated in the present ACI Code revision. 
The writer feels that Section 801(d) and (e) should be revised so that the 


Ne 


Fig. K — Diagonal tension 
cracks before shear failure 
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Fig. L—Shear stresses in the plastic region before and after cracks have developed 


web reinforcement has to take the full shear where the allowable concrete 
diagonal tension stresses are exceeded. 


It is understood that the present conventional methods for designing web 
reinforcement are approximate methods, but they give a sufficient factor 
of safety against shear failure, if we neglect the shear carrying capacity of 
the concrete. 

Furthermore, it must be considered that in the plastic region before flexural 
failure, the lever arm of the internal forces, as well as the location of the 
neutral axis is changed (Fig. L). This phenomenon can result in an in- 
crease of the computed shear stresses (v = V/jdb). The maximum increase of 
shear stresses is about 15 percent in case of heavy longitudinal reinforcing 


after developing flexural cracks, and about 25 percent before developing flexural 
cracks. 


It has already been pointed out that our aim is, in the majority of design 
cases, to force the beam to fail in flexure, which can be achieved without 
any doubt, by neglecting the shear carrying capacity of the concrete entirely. 
The result is a higher factor of safety with the same amount or with less 
amount of steel.* The often mentioned economy‘ of the present ACI Code 
requirements in designing web reinforcement compared with a “full shear’ 
reinforcing appears to be a doubtful one. 

Although test results?.® indicate that I-beams with slabs cast monolithically 
with the beam possess higher shear strength than rectangular beams of the 
same depth, width, and reinforcement, at the present time, no conclusion 
can be made. Further investigations, broader in both number and scope, 
are required. 

Both foreign (Fig. M) and American test results* confirm that part of the 
new revision which requires that a higher portion of the total shear in cases 
of higher shear stresses shall be carried by the inclined portion of the main 
steel, since bent up bars are more effective than stirrups. 

Regarding Section 804(a) of the revised ACI Code, the writer feels that 
a larger radius of bend would be more desirable to prevent local compression 
failures of the concrete. Investigating a portion of the bent-up bars (Fig. Na) 
on which a tensile force is acting, we can express the resultant concrete pressure 
by the following formula: 
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Fig. M—Typical test beam series of Bach and Graf (all dimensions in metric system) 





ACI BUILDING-CODE 


\ 7 
om» 
amy 
aed 


ATT ‘ 


a 
® 


Fig. Na (left)}—Portion of an inclined bar and the acting forces. Fig. Nb (right)— 
Assumed parabolic stress distribution of local concrete pressure at the bent 


,. OF @ 
C = 2T sin— 
2 


Assuming a parabolic stress distribution (Fig. Nb) on the half circumfer- 
ence of the bar section with maximum local pressure of oc», the area on which 
the pressure is distributed is approximately 


w a, 
A, = 2rsin—d 


The maximum local pressure on the concrete 


0 
psi 


Substituting 


The local concrete pressure is: 


Hence 


his 4op 
Assuming ¢>p atiow = 2 f-; where f- = 0.375 f.’ and f,=20 kips per sq in.: r = 
10.5d if f.’ = 2000 psi; and r = 4.26 d if f.’ = 5000 psi. 
Bach’s test results (Fig. M) also proves the fact that the use of longer 
radius of bend results in a larger ultimate strength. Comparing test beam 
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Fig. O—Shear reinforcement of short cantilevers 


series No. 50 and No. 29, with the same reinforcing amount and arrangement, 
we see that test beam series No. 29, is able to carry a higher ultimate load 
because of the longer radius of bend (r = 11.4 d). 

It would be desirable to include in Chapter 8 the design of shear reinforce- 
ment in case of short cantilevers (shear proper) where a < jd (Fig. O). In 
such a case, using the truss analogy, the total diagonal forces are 


V 
=D = -— 


v2 


The area of the required inclined (45 deg) web reinforcement at each section 
of the cantilever: , 


V 


A, — 


V2 f, 


Our knowledge of the behavior of reinforced concrete members under pure 
flexure and under pure compression has been greatly enlarged by the in- 
troduction of ultimate strength design methods, which are the evaluations 
of numerous tests. The new Section A612 calls our attention to the fact 
that studies and experimental investigations regarding ultimate shear design 
methods, capable of predicting the ultimate shear strength of reinforced con- 
crete beams within reasonable range, are now in progress. 

It is too early, and the writer is not prepared to reach a conclusion in this 
respect yet, but in the light of the available publications it can be said that 
the ultimate shear strength is rather a function of an ultimate “shear-mo- 
ment” than of the magnitude of the shear. This new hypothesis draws an 
analogy between the compression flexural failure and the shear failure. The 
difference between the two compression failures is that the diagonal tension 
cracks extend farther into the compression zone, reducing in a larger amount 
the active compression zone of the concrete.’ The web reinforcing increases 
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the compression area by reducing the extension of the diagonal tension cracks 
into the compression zone. 

Investigation of recent shear failures of reinforced concrete members‘ 
indicates a definite need for more tests. Until we have gained more knowl- 
edge about the phenomena of shear failures, the above mentioned design 
rules will give a sufficient factor of safety against shear failures. 

Finally, the writer would like to mention that from the construction view- 
point, it would be desirable to extend at least two #5 top bars through the 
whole span length. These bars would provide an ideal reinforcing arrange- 
ment for placing and anchoring vertical stirrups and would take care of the 
additional stresses caused by the shfinkage and creep of the concrete, which 
are generally neglected in the normal analysis. 
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By R. V. WASDELL* 


Section 801(e) excepts beams with slabs which provide T-beam action 


from its requirements for web reinforcement. The requirements for T- 


beams set forth in Section 705 seem to have been prepared more as limits on 
maximum T-sections for purposes of moment resistance than as minimum 
requirements to qualify for T-beam action to increase shear resistance. 


By ALFRED ZW EIGt 


INTRODUCTION 


Issue is taken with Chapter 10 of the proposed ACI Building Code dealing 
with flat slabs with square or rectangular panels, especially with certain provi- 
sions of Section 1002 (Design Procedures) and of Section 1003 (Design By 
Elastic Analysis). Objection is raised to a number of Code provisions be- 
cause they are inconsistent with other sections of the Code or because they 
lead to either excessive or deficient factors of safety when compared with 
designs based on long established practices. 

To evaluate the provisions of Section 1003, four different types of flat slabs 


*Consulting Engineer, Charlotte. N. C 
TtStructural Engineer, Albert Kahn Associated Architects and Engineers, Inc., Detroit, Mich 
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were analyzed in strict accordance with the provisions of this section, bu 
arrangement and dimensions of these slabs were made so that they also cam: 
fully within the general limitations of Section 1004 (Design By Empirica 
Method). This was done to test the validity of the provisions of Section 100: 
in the light of the design by empirical methods, which is based on many 
decades of successful experience in this country. The provisions of Sectio: 
1003 should be regarded as acceptable only if they tie in logically and con- 
sistently with the results obtained by a design based on the empirical methods 
as outlined in Section 1004. As will be shown in this discussion, this is not 
true under some conditions and, in three instances, revisions of the proposed 
Code are suggested. 


~ 


BASIS OF INVESTIGATION 


To establish the influence of various types of flat slabs, four different cases 
were analyzed: 


Case I —which represents a flat slab with drop panel and with capital 

Case II —which represents a flat slab without drop panel and with capital 
Case I1I—which represents a flat slab with drop panel and without capital 
Case IV—which represents a flat slab without drop panel and without capital 


In all cases, the column spacing was 25 ft in both directions and the slab 
was assumed to extend over four bays of a one-story building 15 ft in height. 
In cases I and II, a 5 ft 6 in. square capital was assumed; in cases I and III 
a 9 ft 3 in. square drop panel was assumed. Column sizes, slab thicknesses, 
concrete strengths, etc., were, in all cases, assumed so that the resulting dimen- 
sions always fell within the limitations of the provisions of Section 1004. That 
is, the moment of inertia of all columns, according to paragraph (c)1 of Sec- 
tion 1004, must be at least 
“HH 


c= 


Wo 
0. — 
*+ Wi 


and the minimum slab thickness must be at least 


2c w’ 
t = 0.028L | 1 — — 1.5 
( 4 V ae ¥ 


for slabs without drop panel and at least 
/ Ci 438 
f.' /2000 , 


2c 
t = 0.024L {1 — — 
( z) 


for slabs with drop panel, according to paragraphs (d)2 and (d)3 of Section 
1004. Variation of moment of inertia was considered in strict accordance 
with Code requirements—that is, slab and columns were assumed to have an 
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infinite moment of inertia within the confines of the column capital and the 
moment of inertia in the region of the drop panel was assumed 2.1 times as 
great as compared to the plain slab. For cases I and III, this meant three 
different moments of inertia within one panel. All columns were assumed to 
be fixed at their bases. To evaluate various live load intensities, all four 
cases were analyzed for three different live loads—an 80 lb per sq ft load, a 
200 lb per sq ft load, and a 500 lb per sq ft load. 

After maximum moments and critical moments were established in accord- 
ance with the elastic analysis outlined by Section 1003, the critical moments 
were also computed in accordance with the empirical method of Section 1004. 
The result of this analysis is summarized in Tables E and F. 

These tables compare all positive and negative critical column and middle 
strip moments for the two designs. The first column gives for each live load ’ 
the moments derived from an elastic analysis as prescribed by Section 1003 
of the proposed Code. The second column shows the moments obtained from 
empirical coefficients of Section 1004, and the third column gives the per- 
centage difference of the first compared to the second method. These values 
are given for each of the four cases and for each of the different live loads. 

The theoretical moments at the column centerlines are the moments ob- 
tained by elastic analysis. The moments over the second column (first in- 
terior column) are those on the exterior side of the column. The moments 
at the interior side of the second column are different, but are not tabulated. 

It should also be noted that since the live load of 80 lb per sq ft is less than 
3/4 dead load, it was assumed to be uniformly distributed over all bays, 
whereas, for live loads of 200 and 500 lb per sq ft, which exceed 3/4 dead load, 
the elastic analysis was based on alternate panel loading for positive moments 
and adjacent panel loadings for negative moments. 


COMPARISON 
The comparison shows that: 

Item A—Negative design moments, which are required at the exterior support if 
the design is based on Section 1003, are in all cases and for all loads smaller than those 
which would be necessary if the design is based on Section 1004. This discrepancy is 
especially large for cases I and II—where it amounts to 70 percent and more—and is 
smaller for cases III and IV. 

Item B—For live loads exceeding 34 dead load (and therefore requiring, according 
to the proposed Code, alternate panel loads), the provisions of Section 1003 lead to 
considerably larger moments (40 percent and more) than those which would be re- 
quired by the design based on Section 1004. 

Item C—A comparison for small live loads—that is, for cases where the live load is 
34 or less of the dead load—shows that the proposed elastic analysis prescribed by the 
Code leads to moments up to 24 percent smaller than those required by the design 
based on the empirical method. 


CAUSES FOR DISCREPANCIES 


To alleviate the apparent shortcomings of the proposed Code, it is nec- 
essary to recognize the reason for these discrepancies. 
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Referring to item A, it is obvious that the negative moments at the e: 
terior supports become so small because—referring to critical sections—the 
proposed Code does not distinguish between interior and exterior column; 
Provision (b) of Section 1003 states that the critical section for negative bend- 
ing, in both the column strip and middle strip, may be assumed as not more 
than the distance A from the center of the column or support and the critica 
negative moment shall be considered as extending over this distance. This 
provision is apparently applicable only for interior columns and should be 
modified. 

Regarding item B, it seems that the considerably higher moments required 
for greater live loads are due to provision (a)6 of Section 1003 which makes it 
mandatory that, for live loads exceeding 3/4 dead load, alternate panel load- 
ing must be considered for positive moments and adjacent panel loading for 
negative moments in the elastic design. No such limitations are imposed for 
the design by empirical method in Section 1004, the coefficients for which are 
based on uniformly distributed panel loads over all bays. 

As to the smaller moments resulting from a uniformly distributed live and 
dead load, as indicated in item C, it is obvious that the assumptions of the pro- 
posed Code with regard to moment of inertia and location of critical sections 
do not fully reflect the results expressed by the coefficients which are based on 
the empirical method. 


PROPOSALS FOR CODE REVISION 


To remedy these apparent discrepancies and shortcomings, the following 
proposals for Code revisions are made. 

In regard to item A, it is suggested that paragraph (b) of Section 1003 
be amended as follows: 


‘“b) Critical sections—The critical section for negative bending, in both the column 
strip and middle strip, may be assumed as not more than the distance A from the 
center of an interior column or support and not more than the distance one-half A from 
the center of an exterior column or support, and the critical negative moment shall be 
considered as extending over this distance.’’ 

In regard to ‘the considerably higher moments required for live loads greater 
than 3/4 dead load, in case the elastic analysis is used, as revealed in item B, 
it must be stated that there is no logical basis to permit the design by co- 
efficients according to the empirical method in Section 1004 without any 
limitations to the ratio between live load and dead load and at the same 
time to require for the design by the elastic method unfavorable panel load- 
ings for rather small live loads. It would rather appear that flat slabs in this 
respect should be treated in the same manner as all other structures. 

Section 701 requires that continuous beams may be designed by coefficients, 
provided the live loadyloes not exceed three times the dead load. For heavier 
live loads, the use of coefficients is not permitted and the design must be 
based on a strict analysis with unfavorable panel loadings. 

It should be noted that the ratio of live to dead load in Section 701 is made 
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a prerequisite for the use of coefficients, rather than a condition applicable 
only to the elastic analysis; and, in addition, the critical ratio of live load 
to dead load is set at 3 instead of 3/4 as suggested for flat slabs. 

It is therefore proposed that to be consistent throughout the entire Code 
and to avoid an excessive factor of safety revealed in item B, the same cri- 
teria be applied to the design of flat slabs in Chapter 10 as in Section 701. 
Consequently, it is suggested that in the general limitations for the use of 
design by empirical methods in Section 1004(a) the following fifth paragraph 
be included: 

“5. The unit live load does not exceed three times the unit dead load.”’ 

As a consequence, it is further proposed that in paragraph (a)6 of Section 
1003 the second sentence should be changed to read as follows: 

“Where the live load is variable but does not exceed three times the dead load, or the 
nature of the live load is such that the panels will be loaded simultaneously, the 
maximum bending may be assumed to occur at all sections under full live load.’ 

Of special importance are the shortcomings revealed in item C, where the 
moments obtained by an elastic analysis prove to be up to 24 percent smaller 
than those derived by empirical coefficients. There does not seem to be any 
justification for such a relaxation in the necessary factor of safety and it is 
therefore suggested that the second sentence in paragraph (a), “‘Methods of 
Analysis,” in Section 1002, be reworded as follows: 

“Flat slabs when designed by elastic analysis shall have resulting analytical mo- 
ments adjusted in such proportion that the numerical sum of the positive and average 
negative bending moments used in design procedure are not less than M, as specified 
under Section 1004(f).”’ 

The wording of this second sentence as it is proposed by the committee now: 


“. . . Flat slabs within the limitations of Section 1004, when designed by elastic 


analysis, may have resulting analytical moments reduced in such proportion that 


the numerical sum of the positive and average negative bending moments used in 

design procedure need not exceed M, as specified under Section 1004({ 
falls short of the purpose it wants to accomplish, inasmuch as it assumes that 
the resulting analytical moments are always bigger than the value M,. For 
this reason it prescribes only a reduction of these moments, whereas the sub- 
mitted investigation clearly proves that the analytical moments obtained by 
an elastic analysis are sometimes smaller than the value /, and, for this 
reason, in some instances, they should not be reduced but must be increased 
to the value M,. It is, further, meaningless to apply this provision only to 
flat slabs within the limitations of Section 1004 when designed by elastic 
analysis since no designer will design a structure by elastic analysis if this 
structure falls within the limitations of Section 1004 and, therefore, can easily 
be designed with the long established moment coefficients. 

This provision is of value only if applied to the design of all flat slabs re- 
gardless of the limitations of Section 1004. 

Summarizing, it may be stated that, although the writer has expressed 
his basic criticism of the Code requirements for the design of flat slabs in a 
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recent discussion published in the December 1955, Part 2, ACI Journat,* th 
suggestions submitted herewith try to keep the basic intent of the proposed 
Code; but they also endeavor to eliminate unnecessary restrictions as well as 
dangerous relaxations inherent in the proposed wording of the Code as wa: 
made apparent by the analysis and comparison prepared for this discussion. 


POSTSCRIPT 


After completing this discussion of the proposed Code, as published in 
the December 1955 JouRNAL, the new Code as adopted by the America: 
Concrete Institute was published in the May 1956 JourNAL. Comparison 
of the proposed with the adopted Code shows one important difference in 
Section 1004(b)1 of Chapter 10—that is, in the required moment of inertia 
for the columns supporting a flat slab. The originally proposed version 
reads as follows: 

“The minimum dimension of any column shall be 10-in. For columns or other 
supports of a flat slab, the required moment of inertia, J., of the gross concrete section 
alone, shall be determined from the following formula, and shall not be less than 1000 
in.4, J, = 8H/(0.5 + Wo/W1r).” 

whereas the accepted Code states: 

“The minimum dimension of any column shall be 10 in. For columns or other 
supports of a flat slab, the required moment of inertia, 7., of the gross concrete section 
alone, shall be determined from the following formula, and shall be not less than 1000 
in.‘ If there is no column above the slab, the 7, of the column below shall be twicet 
that given by the formula with a minimum of 1000 in.‘ 


eH 


0.5 + 


Wo’ a 
Wi 


where ¢ need not be taken greater than ¢; or ¢t2 as determined in Section 1004(d), H 

is the average story height of the columns above and below the slab, and W, is the 

greater value of any two adjacent spans under consideration.”’ 

This means practically that the required moment of inertia of all columns 
of a one-story flat slab or of all columns supporting the top floor of a multi- 
story flat slab must now be twice as much as required by the originally pro- 
posed Code. 

Reviewing Tables E and F which are based on the originally proposed 
Code and not on the finally accepted version in the light of the new require- 
ments, it can be seen that the assumptions made for the moment of inertia 
of the supporting columns comply fully with the more stringent require- 
ments of the final Code version in all cases for live loads of 80 lb per sq ft and, 
in cases III and IV, for a live load of 200 lb per sq ft. All conclusions drawn 
from this portion of Tables E and F apply, therefore, unconditionally for the 


final Code. 


The columns assumed for the heavier loadings in the various cases, however, 


*Zweig, Alfred, discussion of “Flat Slab Solved by Model Analysis,"’ ACI Journat, Dec. 1955, Part 2, Proc. 
V. 51, pp. 572-1 to 572-4. 
+ Writer's italics. 
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would be too small to satisfy the revised require: 

in Chapter 10 of the final Code if a one-story stru 

To obtain the same flat slab moments as shown in 1 
within the limitations of the final Code versions in thes. 

to assume the flat slab as part of a multistory structure 
column stiffnesses. For instance, the same moments as th 
E for a 200 lb live load on a one-story flat slab could also 
multistory flat slab with a story height of about 20 ft below 
ft above the slab, the lower column being about 25 x 2 

bottom and the upper column being about 24x 24 in. Such 

would fully satisfy Section 1004(b)1 of the new Code and wi 

identical moments as shown in the table. Similar assumptions 

made for all other cases and, therefore, all the conclusions drawn 
discussion are valid also in the light of the new Code although no 

has been made to modify the design assumptions in this respect. 

In this connection it may be well to point to another aspect Of 
1004(b)1 in Chapter 10 which must be regarded as a serious short 
of the new Code. This provision requires entirely too heavy Ay column sect 
for a one-story flat slab or for the top story of a multiple-story flat slab stru 
ture. Following are only a few examples taken from the writer’s practice 
the architectural firm with which he is connected. 

Several warehouses and a number of heavily loaded manufacturing plants 
were built with flat slabs supporting a live load of 300 lb per sq ft, having 
floor thickness outside the drop panel of 10 in., column spacing of 25 ft in ea 
direction, and a story height of between 19 ft 6 in. and 20 ft. In all these 
eases, the top floor was a flat slab and the roof consisted of a light steel stru 
ture. In all these cases the new Code would require round columns of 30 i 
diameter, whereas these columns were actually built with a 20 in. diameter 
They have been in use many years without causing the slightest trouble ar 
it is hard to see why they suddenly should require such a drastic increase 
s1Ze. 


It is common practice in industrial plants to provide a flat slab const 


tion for the first floor over the basement area, whereas a superstruct 
is often made out of steel. The first floor in these cases is frequently designe 
for heavy live loads and two examples may be cited which have been 

in many instances. 

A column spacing of 20 ft, a live load of 500 lb per sq ft, a slab thickne 
of 10 in. outside the drop panel was used in many cases with round colur 
spirally reinforced and 16 in. in diameter. The new Code requires a 
30 in. in diameter! 

For 750 lb live load, a 12-in. slab was often used outside the drop | 
a column spacing of 20 ft and a story height of 15 ft. A spirally 
18-in. diameter column easily satisfied the existing Code and v 
used. Now a 36-in. diameter column is necessary to comply v 
requirements! 
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Since to the writer’s knowledge no difficulties whatsoever were encoun 
tered with the above-described buildings, it is hard to see what prompted 
these radical changes in the new Code. 

They were adopted without giving the profession a chance to voice its 
opinion since the final wording was not contained in the proposed version pub- 
lished in December 1955 JournaL. The original proposal already meant a 
considerable increase in column size as required by the existing Code. In the 
above example, for instance, the originally proposed version would have 
required a 25-in. diameter column for the presently used 20 in. in the 25 x 25 
ft warehouse and a 25- and 30-in. diameter column for the presently used 16- 
and 18-in. columns, respectively, which support the first floor of the man- 
ufacturing plants. There does not seem to be any necessity for even these 
increases; but to make the requirements still more severe and to now pre- 
scribe columns twice the size and 16 times the stiffness compared to what is 
common practice at present is hard to understand, especially so, since the 
existing practice did not cause any difficulty nor trouble whatsoever. 

The fact of the matter is that if this provision of the Code is kept, heavily 
loaded one-story or top-story flat slabs will have to be replaced by steel struc- 
tures, because of the prohibitive requirements for the column size—a 3-ft 
diameter column for a 20-ft column spacing! 

Since this could not have been the intention of the authors of the Code, 
it is therefore strongly urged that Section 1004(b)1 of the new Code be either 
completely dropped or rewritten in such a way as not to conflict with the 
successful practice of many years past. 


COMMITTEE CLOSURE 


The large number of valuable discussions of the Code changes is grati- 
fying to Committee 318. We feel that they are a reflection of both the growth 
of the Code as a generally accepted basis for statutory codes and practicing 
engineers’ specifications and also the significance of the 1956 changes. These 
changes represent much effort on the part of the committee to evaluate re- 
search reports) on concrete written since earlier codes. and performance re- 
ports on reinforced concrete structures built under earlier codes. 

Most of the discussion may be separated by subject as applying to the 
major changes in design for shear, flat slab design, ultimate strength design, 
and testing. 


SHEAR 


The changes in provisions for web reinforcement provoked the most dis- 
cussion. Since these changes were initiated on the basis of performance of 
structures built under earlier codes, as a precaution to serve until recent ex- 
tensive research can be evaluated, most of these discussions represent views 
that will be considered for future code revisions. A comprehensive evalua- 
tion of research is expected to develop a new approach to design for shear; 





+ 
et 


the other variables, formulas, and methods suggs 
Che most radical change affects design of omiy an insignincan proportion 
f concrete structures and only of the type showing poor performance. It 
should be emphasized that the earlier Code has been pragmatically justified 
for most applications by performance of structures over many years. How- 


ever, it is noteworthy that Messrs. Au, Balog, Menefee, 


Dr. Rongved suggests provisions for torsion and torsion 
vertical shear. Though difficult to formulate for code u 
are unquestionably desirable. Mr. Wasdell notes that the cl 
ments for beams not having a “‘slab so cast as to provide T 
not accompanied by a definition for this purpose 


riven in 
Piven ili. 


The requirements to provide T-beam action are 


SHEAR REINFORCEMENT IN FLAT SLABS 


The changed requirements for shear and flat slabs 
tion of shear provision in flat slabs. Both Messrs. 
the point that “shear head” reinforcement has been 
the older codes and may be justified pragmatically ‘ 
ance as well as any other type of shear reinforceme! 
slabs for heavy loads and long spans are a sufficiently 
to warrant some definite requirements in this respe 
shear “‘for the concrete.” This problem was discussed 
floor at the convention when the Code was proposed 


examined by the committee for future revisions of the C 


FLAT SLABS 


The complete 
even of items from 
out, the revised formula 
struction becoming popular. 
dicate that an increase in design j 
is desirable. Dr. Feld has made several 
provement and clarification. Mr. Zweig ha 
for improving Chapter 10 by providin; 


y 
1 
r 
i 


sistencies. The limits he suggests 


ULTIMATE STRENGTH DESIGN 


The ACI-ASCE joint committee on ultims 
much credit for its report which Committee 
to the new Code. The general acceptance 
fundamental design methods is remarkable. 


addition desirable to complete the scope. 
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scribed minimum load factors considered in comparison to the safety facto: 

used under the straight-line method of design. This question attacks th: 
basis of the original report. The joint committee found little difficulty i 

reconciling various ultimate strength formulas or derivations proposed an 
all available test results, but committee judgment was required to establish 
recommended load factors. The factors finally recommended are actually 
conservative; they were agreeable to the most conservative members of the 
committee after comparison to practice in other countries using the ultimat: 
strength method and comparison to U. 8. practice using the straight-line 
method. In extreme cases they give more than the same factor of safety 
required for straight-line design and in the usual case about the same. 


TESTING 


Prof. Menefee notes that load test provisions are not suitable for accept- 
ance testing on precast units. A closer future coordination planned between 
this committee and ACI Committee 711, Precast Floor Systems for Houses, 
should correct any such deficiency. Mr. Cordon, chairman, ACI Committee 
214, Evaluation of Results of Compression Tests of Field Concrete, notes 
that the strength requirements for concrete are not consistent for coefficients 
of variation with usual control. The practice of establishing various require- 
ments, any one of which may be critical depending upon conditions, is usual 
for codes and specifications covering a wide range of possible conditions. 
Such requirements seldom agree for any given set of conditions and there- 
fore may seem inconsistent. The requirement that minimum average strength 
equal f.’ is critical for low coefficients of variation; the requirement that 
not more than 1 test in 10 fall below 90 percent f.’ is critical for larger co- 
efficients of variation. It is true that when the minimum f,’ criterion con- 
trols, a higher quality concrete is required than when the ‘1 test in 10” cri- 
terion controls, but the objection is somewhat academic since this circum- 
stance arises only under control seldom encountered in field work. 


OTHER 


Prof. Crosier suggests a general revision of Chapter 9, “Bond and An- 
chorage,”’ on a more rational theoretical basis. Essentially his discussion 
is not a criticism of the 1956 revisions but of the earlier material in this chap- 
ter, and therefore this suggestion should provide an excellent basis for future 
Code revisions. 


The many suggestions for improvement of various minor Code provisions 
contributed by the above mentioned members are too numerous to acknowl- 
edge, but they obviously represent a sincere, intensive study of the new Code. 
Committee 318 wishes to express its appreciation to all the members who 
have aided it by contribution of formal discussions, direct suggestions, and 
personal appearance at meetings. 





Disc. 52-27 


Discussion of a paper by J. A. Kaver and R. L. Freeman: 
Effect of Carbon Dioxide on Fresh Concrete’ 


By ROBERT A. BURMEISTER, GEORGE VERBECK, 
H. C. VOLLMER, and AUTHORS 


By ROBERT A. BURMEISTERT 


The authors are to be complimented on an excellent paper on a subject 
that needed attention. Perhaps there have been other unnoticed examples of 
“dusting” floors caused by carbonation. 

Samples of the floor cited by the authors were tested by the writer and the 
report presented below was issued late in 1954. 

* * * * 

A sample of concrete flooring having a ‘‘dusted’”’ or weak surface was sub- 
mitted to me for investigation. According to information received, some of the 
usual causes of dusting—.e., improper mix proportioning, improper finishing, 
substandard aggregates, improper curing—apparently were not applicable in 
this case. However it was reported that because of cold weather a number of 
heaters were used whith cast exhaust fumes onto the concrete (no stacks being 
provided) and consequently the factor of curing was re-examined. In this re- 
gard the company furnishing the portland cement reported that extensive 
carbonization was found on the sample of floor they tested. 

The question immediately posed after digesting this information: Is this a 
new or isolated phenomenon or has such been experienced before? Obviously, 
it might have occurred before but may not have been identified as such. 

An extended search of technical papers in the American Concrete Institute 
Proceedings revealed little data on the subject. However one pertinent quota- 
tion is given (“Leaching of Lime from Concrete,” ACI Journa., Feb. 1950, 
Proc. V. 46, p. 173): 

“Readers of the Journat who have studied the paper by Ruth D. Terzaghi, 


‘Concrete Deterioration in a Shipway,’ will be interested to consult her subsequent 
paper ‘Concrete Deterioration Due to Carbonic Acid 


. These two papers present 
significant data and hypotheses concerning the role of carbonic acid in concrete deterio- 
ration. In her more recent paper (p. 147) she states: “The most conspicuous chemical 
effects of carbonic acid attack on concrete are the removal of lime from the paste 
and the conversion of a part or of all the remaining lime to calcium carbonate 

Experiments carried out by Tremper have shown that loss of strength is proportional 
to loss of lime; loss of strength becomes complete when the concrete has lost about 


_ *ACI Journat, Dec. 1955, Proc. V. 52, p. 447. Disc, 52-27 is a part of copyrighted JounNaL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52 
tMaterials Engineer, City of Milwaukee Testing Laboratory, Milwaukee, Wis 
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one-half of its original lime content. A similar relation between loss of strength and 
loss of lime was found in a group of concrete specimens taken from a shipway.’ 
“The relation between strength loss and lime loss noted above suggests two possible 
explanations: 
“1, That the removal of crystalline calcium hydroxide [Ca(OH)s] from the locations 

it previously occupied in the paste is enough in itself to reduce the strength by the 

amounts found. 

“2. That the loss of Ca(OH), is significant only as an indication that the structure 

of the hydrated paste has been altered by the passage of the solutions that removed 

the Ca(OH )».” 

Since the floor in question was subject to gas fumes which contain heavy 
carbon dioxide (COz) concentration, it appears that the carbon dioxide reacted 
with the water to form carbonic acid (H2CO;) which then combined with the 
calcium hydroxide (lime) [Ca(OH)»] to form calcium carbonate which is a much 
weaker material than calcium silicates usually formed on the surface. Thus 
H.CO; + Ca(OH).—>CaCO; + 2H,0. 

I demonstrated the above phenomena by passing pure CO» over fresh con- 
crete and found a weak dusty material on the surface, whereas such dusty 
material was not found on a parallel specimen not treated with CO». Also, | 
tested the floor sample with phenolphthalein which showed alkali reaction on 
the sawed sides of the specimen but little or no reaction on the top surface 
(which had been in contact with the exhaust fumes)—thus this test showed 
that the lime originally present on the floor surface had suffered an unusual 
chemical change. . 


Recommendation 


To prevent similar occurrences in winter concrete operations, provide proper 
ventilation or stacking so that fumes containing CO, can not get at the con- 
crete; or if this is not possible, the use of liquid membrane curing compounds is 
suggested. These must be applied as soon as the water sheen disappears and 
the curing compound must not be diluted. 


By GEORGE VERBECK* 


Messrs. Kauer and Freeman are to be commended for their valuable con- 
tribution regarding a practical and important problem. It has been our ex- 
perience that the concrete technician frequently is not aware of the great 
detrimental effect that carbon dioxide can have on fresh concrete until the 
damage has been done. The present paper should be of considerable help in 
increasing awareness of the dangers involved. 

The authors believe that the strength tests reported did not show loss in 
strength due to early and detrimental carbonation because of additional car- 
bonation beneficial to strength which occurred during laboratory curing of the 
specimens prior to test at 28 days. This laboratory has conducted exploratory 
tests which confirm this view. Mortar prisms immediately upon casting, were 
placed in covered cans containing water and an atmosphere high in CO, main- 


*Manager, Applied Research Section, Portland Cement Association, Chicago, II. 
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tained by periodic addition of solid CO, to the can. After 5 days of such 
exposure, during which time the specimens remained in the molds, the speci- 
mens were removed and tested in flexure and as modified cubes (load applied to 
molded surfaces). For this limited number of tests, the compressive strengths 
of the specimens whose surface was exposed to the CO, atmosphere averaged 
83 percent of the strength of specimens similarly cured but in the absence of 
CO,. The upper surfaces of the specimens exposed to COs consisted of a soft 
and flaky layer that could be easily removed. 

There is an aspect of the paper that might be further amplified. Although 
for the purpose of the present paper (carbonation while wet) the phenol- 
phthalein test is probably suitable, there is considerable evidence that the 
phenolphthalein test when applied to specimens carbonated while dry does 
not indicate the maximum depth of carbonation but rather the depth to 
which carbonation has occurred to some relatively complete stage. However, 
significant carbonation (detected by chemical analysis) can have occurred 
for an inch or more within the specimen even though the advanced stage of 
carbonation represented by the phenolphthalein test may have progressed 
into the concrete only a few tenths of an inch. 


By H. C. VOLLMER* 


The authors are to be commended for having presented a clear diagnosis of 
one cause of an unsatisfactory surface condition of structural concrete slabs 
placed during the cold weather construction season. The problem would 
appear to come under the general topic of curing which is usually understood 
to cover all the conditions, both natural and artificially created, that affect 
the extent and the rate of hydration of the cement. 

Undoubtedly many have noticed in cold weather concreting of structures 
where salamanders are used to maintain adequate temperature conditions, 
that concrete adjacent to these heating devices frequently shows signs of pre- 
mature drying indicated by crazing cracks or a powdery condition of the sur- 
face. The authors’ findings as to the cause of this phenomena should be of 
direct interest to specification writers as guidance for cold weather construc- 
tion. Rather than relying on a heat source for maintenance of temperature 
there is a growing tendency to use insulating materials such as mineral wool, 
glass, fiber, and rigid insulating board. 

The authors state that surface membranes were found to be an effective 
means of preventing the formation of carbonation. Due to the existence of 
many proprietary concrete surface coating materials of varying quality on the 
market, it is believed that this recommendation should be qualified. It is 
generally known that sealing compounds containing saponifiable substances, 
such as drying oils, have a tendency to react with and soften the surface of the 
concrete. The Bureau of Reclamation uses a performance type specification 
which includes a test for sealing efficiency and requires there be no softening 


effect. They state some engineers prefer nonsaponifiable resin-base compounds 


*National Park Service, Washington, D. C. (formerly Research Engineer, National Bureau of Standards 
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and the experience of the Bureau both in the laboratory and on the job, is th: 

a good wax-drying oil compound does not cause significant softening unless th 

concrete surface is overdry at the time of application and the compound 
strikes in. Another consideration of importance in the use of sealing com- 
pounds is that the application should be made about the time the concret: 
has stiffened to the point where the surface will no longer respond properly to 
finishing operations—during cold weather there is danger of unvented sala 
manders being used before the sealing compounds are applied. Mr. Powers 
of the Portland Cement Association has observed in the laboratory that if 
curing water is not supplied during the initial stages of rapid hydration some 
self-desiccation of the paste will result. 

It is wondered whether the softening of the surface of the concrete on which 
calcium chloride was applied was due to the presence of the calcium chloride 
or would have occurred in any event, in just the same manner as it did in the 
case of the moist cured or burlap cured specimens. 


The writer made laboratory tests using different methods of curing, which 
were reported in the Highway Research Board Proceedings for 1944. These 
tests were made during a shortage of burlap in World War II so that interest 
was focused upon other methods-of curing. The investigation included the 
use of three membrane curing compounds selected at random, preliminary 
wet burlap with integral calcium chloride, and also the surface application of 
calcium chloride both with and without preliminary wet burlap. It was indi- 


‘ated that concrete surfaces treated with the membranes did not show wear 
resistance comparable to that obtained with standard 3-day wet burlap curing 
and that surface calcium chloride curing either with or without preliminary 
wet burlap, showed improved resistance to the abrasive wear test compared 
to the standard 3-day wet burlap curing. The application of calcium chloride 
on the surface of the concrete within 3 hr after placing of the concrete did not 
deleteriously affect the surface. The tests were carefully made by personnel 
of the National Bureau of Standards without previous knowledge of the 
identification of the specimens. The use of calcium chloride for curing portland 
cement concrete for sidewalk construction in the District of Columbia has 
demonstrated the practical value of this study: The sidewalk repair contracts 
generally result in small jobs in widely separated areas, and this method of 
curing has been found particularly convenient and economical since after the 
‘alcium chloride is applied no further attention is required. 


It is of interest to note that the ‘“Recommended Practice for Winter Con- 
creting,”’ recently reported by ACI Committee 604, has acknowledged the 
authors’ paper and recommended that open fires and salamanders should be 
avoided and that other more efficient methods of supplying heat when nec- 
essary are available. If it is desired to use heat for protection of the concrete 
the suggestion of the authors are most pertinent. The Committee 604 recom- 
mended practice calls attention to the value in avoiding excessive tempera- 
tures in freshly placed concrete and that no heat from outside sources is re- 
quired to maintain concrete at correct temperatures if heat of hydration is 
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conserved by use of insulating blankets or forms. It will rarely be practicable 
to do concrete work in weather so cold that concrete cannot be kept up to re- 
quired temperatures by sufficient insulation, particularly where integral cal- 
cium chloride is used. 


AUTHORS’ CLOSURE 


The authors wish to thank Messrs. Burmeister, Verbeck, and Vollmer for 
their discussion comments and suggestions. 

The papers Mr. Burmeister refers to by Ruth D. Terzaghi, ‘‘Concrete De- 
terioration in a Shipway” and ‘Concrete Deterioration Due to Carbonic 
Acid,” we believe are of an altogether different reaction. These papers deal 
with concrete at later ages rather than fresh concrete. 

Regarding the action of carbonic acid on calcium compounds, since the time 
of Cavendish (1766) it has been known that carbon dioxide precipitates calcium 
carbonate from a solution of calcium hydroxide and that continued addition of 
the gas redissolves the precipitate. Furthermore, Irvine* found that heat 
was given off during the first stage of this reaction and another heat evolution 
was obtained when the precipitate started to dissolve. The usually accepted 
explanation of this reaction is that calcium carbonate, CaCOs;, formed during 
the precipitation process combines with the excess carbonic acid to produce 
the soluble calcium bicarbonate CaH, (COs;)s. This does not take into con- 
sideration ionic reactions taking place between CO;, HCO;, H*, OH, 
and the molecules of HzO, CaCOs;, and HCO; which produce them. The net 
result of all reactions is that the degree of solubility of calcium carbonate is a 
function of the carbon dioxide concentration and of course this concentration 
depends upon the partial pressure of carbon dioxide above the solution. Thus 
even a slight change in the partial pressure of carbon dioxide in normal air may 
bring about the solution or deposits of large quantities of calcium carbonate in 
natural surface waters. 

Noting Table 2, even though we had a soft surface from early carbonation, 
the compressive strengths of all our specimens exposed to CO, atmosphere 
had an increase in 28-day compressive strengths. 

Mr. Verbeck stated that the upper surfaces of the specimens they exposed 
to CO, consisted of a soft and flaky layer that could be easily removed. We 
found in later tests that we encountered a flaky soft surface when dry ice was 
used on similar specimens; this was different than the soft surface we encount- 
ered with liquified CO, under pressure as stated in our paper. The flaky sur- 
face encountered with dry ice was attributed to the much higher concentra- 
tion of CO, which it got when using dry ice. Unfortunately we did not make 
compressive strength tests of the specimens when dry ice was used as our CO, 
source. 

We found good correlation between the phenolphthalein test and the softness 
of the concrete in almost every instance in the laboratory specimens and also 
the field tests that were made. We do find, however, that after considerable 


*Irvine, R., Chemical News, No. 63, 1891, p. 192. 
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time there is still a direct line of carbonation which penetrates to a consideral 


depth with another line of carbonation which is a faint pink color indicati: 


partial carbonation, between the original line and that shown later. We b 
lieve the added carbonation is dependent on the density of the concrete. T} 
denser the concrete the less depth of carbonation. 
would be easy to have carbonation to an inch or so. 
tion is a function of the density of the concrete. 


In a porous concrete 
The depth of carbona 


In answer to Mr. Volimer’s question regarding the type of membrane curing 


compound used, it was a 40 percent nonvolatilizable all resin type curing 
compound. 

The calcium chloride cured specimens, which developed a flaky surface, wer 
different than those moist and burlap cured to the effect that no carbonation 
was detected at all. It was the author’s opinion that the calcium chloride 
possibly was applied too soon, causing the calcium chloride to take the mois- 


ture from the surface of the specimen. Further research should be done along 


this line as it may indicate another method of preventing carbonation. 
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Discussion of a paper by Eivind Hognestad, N. W. Hanson, and Douglas McHenry: 


Concrete Stress Distribution in Ultimate 
Strength Design’ 


By P. W. ABELES, A. J. ASHDOWN, A. L. L. BAKER, ULF BJUGGREN, HENRY J. COWAN, 
HOMER M. HADLEY, KONRAD HRUBAN, J. M. PRENTIS, E. ROSENBLUETH, 
G. M. SMITH and L. E. YOUNG, A. J. TAYLOR, and AUTHOR 


By P. W. ABELES7 


The extensive tests carried out by the authors represent a valuable investi- 
gation of the stress distribution in compression of concretes of different strength 
properties. The method of testing was ingenious and the introduction of the 
“critical” stress in the stress-strain diagrams for compression and flexure was 
interesting. This critical stress appears to be important to ensure safe values 
when the compressive resistance of the concrete is of direct influence upon 
failure, as long as the margin between actual test results and calculation is 
not too great. With regard to tensile failure, however, there is no need for an 
additional factor of safety between actual failure load and calculated load, 
particularly if the reinforcement is well bonded. This will result in a good 
crack distribution with rather fine cracks in which necking of the steel will be 
less than in wide cracks; consequently there will be in many cases an excess 
of strength as compared with the calculated value based on the yield point. 
This can be concluded from a great number of test results showing higher 
ultimate bending moments than calculated. It may be pointed out that so 
far nobody has been able to measure the strain of steel within a narrow crack, 
nor even over a correspondingly short gage length. 

In view of these considerations, it seems of interest to compare the data 
given in the paper with actual test results. The writer has investigated this 
question on numerous tests, limited to high-strength materials in ordinary 
and prestressed concrete,! and an approximation, Eq. (a), has given satisfactory 
and safe values. 


R= M ui bd? f, = 0.5 q 


In this equation a limit of k, = 0.5 has been taken into account for a rectan- 
gular stress block with ke/k,k3; = 0.5. When comparing Eq. (a) with the 
authors’ Eq. (3) and Table 2, we find that the ratio k2/k,k; agrees approxi- 
mately only for a concrete strength of 1000 psi with the factor of 0.5, when 
ah ACI Jor RNAL, Dec. 1955, Phoc V. 52, p. 455. Dise. 52-28 is a art of copyrighted JouRNAL o re AMERICAN 


Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings 2. 
tConsulting Engineer, London, England 
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it is 0.48, while with higher concrete strengths it increases up to 0.67 (for f,’ 

8000 psi), and thus the ultimate bending moment would become less than t! 
values obtained from Eq. (a). The actual test values investigated by t 
writer in reference 1 were higher than those computed according to the write: 
Eq. (a). Consequently he showed in reference 2 that this excess in strengt 
apparently due to reduced necking of the steel in the cracks, can be tak 
into account by considering an equivalent cooperation of the concrete in t} 
tensile zone, based on his suggestion in the discussion to Cox’s paper.* 


= M,./bd’f.’ = {q(1 — 0.54) —fil(t/d — 1) q — 0.5 (t/d)?| } ‘(1 +f1)...(b) 


In Eq. (b), fi is the ratio of the equivalent concrete tensile stress, extending 
uniformly over the depth (¢ — c), to the cylinder strength f.’. This equation 
gives higher R values in the range in which failure occurs due to yielding of 
the steel and thus agrees better with the test results. 

For balanced design, g becomes 0.5 according to Eq. (a) and results in R, = 
0.375; according to Eq. (b) R, is only slightly increased to 0.387 for the same 
q = 0.5, for afactor f:= 0.05 and the ratio ¢/d = 1.1, which results generally 
in 


R = My/bd?f,’ = 0.029 + 0.957q — 0.481q?................(e) 


In the following, Eq. (3), (23), and (23a) are investigated for concrete of 
strength f.’ = 6000 psi. According to Table 2 for this strength the following 
data apply: ke/kiks = 0.65, kik; = 0.65, and e, = 0.0031. Thus the equa- 
tion equivalent to Eq. (a) becomes 


Mages SO — OE). «2. oni ccedeeensceslG) 


and much lower results are obtained than from Eq. (a), which has given safe 

values at least for high-strength materials. In the following table the auth- 
ors’ -data given for f.’ = 6000 psi are evaluated for FE = 30 X10° psi for various 
steel stresses, considering that high-strength steel is used and prestressing may 
be applied. 





40 ‘fe 60 | | 90 | 100 | 150 
0.700 | 0.650 | 0.608 ! | 0.537 | 0.508 | 0.482 | 0.383 
| 


6 84 


0 155 0.422. “0.395 a 346 0.329 0.313 0.249 


| 
5.07 | 3.95 2.6 2.19 1.88 | 0.99 


| 0.321 | 0 306 0. 294 282 27 0.259 | 0.249 


0 209 | 
These values may be compared with some test results investigated by the 
writer.! Beam No. 24, Table IX, of the writer’s tests with high-strength ma- 
terials in Vienna (1935) resulted in a relatively higher value R = 0.246 for 
f, = 91 ksi and a cube strength of 8500 psi, corresponding to f.’ = 6000 psi, 
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the percentage being only 1.47 percent, which is much below p = 2.19 per- 
cent computed in the above table for f, = 90 ksi. 


Another comparison may be made with regard to prestressed concrete, and 
beams No. 10-18 of Tables I and III of reference 1 will be considered. These 
relate to tests carried out by Stott, Leeds, using concrete of a cube strength 
of 8260 psi, approximately f,’ = 6000 psi, the strength of the wires being 268 
ksi and the initial prestress varying between 171 and 182 ksi. The R values 
obtained for these tests of percentages between 0.77 and 1.08 percent varied 
between 0.352 and 0.425; however, a certain amount has to be deducted, since 
9 to 11 tensioned wires 0.08 in diameter were placed in the compressive zone, 
1/2 in. below top surface. If the ultimate bending moment is reduced by the 
resistance of the compressive reinforcement, computed for a steel stress of 100 
ksi, the R values are reduced to 0.316-0.386. When comparing these values 
with those shown in the table on p. 1306, first the appropriate steel stress f, 
must be selected. 


There are different views about the elongation ¢, to be considered for ten- 
sioned steel in prestressed concrete. According to one school of thought, only 
the difference between the elongation of the steel at failure and that of the 
effective .prestress should be taken into account. According to the other 
school, the entire elongation applies, whether the steel is tensioned or not. 
This is based on the assumption that, when failure approaches, the prestress 
relaxes considerably and may even become zero in a crack. If in the special 
case an effective prestress of 140 ksi and a yield point of 220 ksi is considered, 
resulting in a difference of 80 ksi, then according to the above table, R, = 
0.270 and p = 2.2 percent would apply, whereas in fact R values 0.315 to 
0.386 were obtained for percentages much below 2.2 percent. This discrepancy 
would become even much more pronounced, if instead of the difference of 
elongation the entire elongation of the wire were taken into account. 


It would appear that neither of the two assumptions mentioned above, re- 
lated to the ultimate elongation of the steel, is correct but that an intermediate 
solution applies, and the writer would be glad to hear the authors’ opinion 
on this question particularly in view of the above examples. As already men- 
tioned, insufficient data are available about the actual elongation of the steel 
in a crack, which solely influences failure conditions if the beam is under-rein- 
forced. The efficiency of the tensile resistance will, in fact, mainly depend on 
the bond resistance, which is less easily obtained with untensioned high-strength 
steel than with prestressed steel, as Janney has clearly shown.‘ 


It may be pointed out that the results obtained by the authors and sum- 
marized in Table 2 give important data about the compressive resistance of 
concrete. However, their application to the design of reinforced or pre- 
stressed concrete beams will have to be investigated by further tests in which 
the actual resistance of the tensile reinforcement is taken into account and 
not based on the assumed elongation at failure. These remarks refer solely 


to high-strength materials. For ordinary reinforced concrete with mild steel 
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the data given in Table 2 will most certainly give satisfactory results { 
ultimate load design. 
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By A. J. ASHDOWN* 


The method of determining the stress distribution in the compression 
zone of a concrete beam put forward by the authors represents a distinct 
advance in experimentation for this purpose. The results are not complicated 
by the interaction between concrete and steel, such as occurs in beams. The 
differences between these test results and those obtained from beams are 
quite wide as revealed by Fig. 8(a), and in my opinion this is due to insufficient 
appreciation of what occurs between the steel and concrete in beams, before 
and after cracking. The usual assumption of perfect bond does not occur; 
the concrete drags on the steel (especially noticeable with deformed bars), and 
between cracks lowers the stress in the steel, or puts it inte a relative com- 
pression. Close to the support the steel may actually be in compression; if 
this were so, the zero for tensile stress would be lowered. This would partly 
account for the so-called “hyperstrength”’ of reinforced concrete beams. 
This means that, although the concrete has cracked, it is still, partly if not 
wholly, assisting in resisting bending through the steel between the cracks. 

It may be noted, that in the authors’ test piece, the compressed length is 
quite short compared with a beam, which would require an effective depth of 
at least double that of the specimen for an equivalent compressed area, so 
that for a third-point loaded beam, one should expect that the ultimate com- 
pressive strength values on the much longer length to be rather lower than 
those obtained in these tests, even taking into consideration the narrow width 
employed. 

The wide scatter of values for the modulus of elasticity of concreve is well 


known. I use a simple formula for the initial modulus, 2, = 52,000V¢,, or 


58,300V f.’, for cube strength or cylinder strength, respectively, and which lies 
between Jensen’s and the proposed formula in Fig. 10. 

It is gratifying to note that the strain profiles are essentially linear. 

It is altogether an excellent and stimulating paper. 


*Imperial College of Science and Technology, University of London, London, England. 
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By A. L. L. BAKER* 


At Imperial College, during the last 10 years, we have carried out a large 
number of beam tests and obtained results which agree closely with those 
shown in Fig. 6. We have adopted 0.4 as a safe value of ke. Using strain 
gages to determine the position of the neutral axis at failure, we have deter- 
mined the average compressive stress in terms of the cube strength c, and 


found that safe values are 0.6 ¢, for concretes weaker than about 4000 psi 


and 0.5 c, for concretes stronger than about 4000 psi. Since cylinder 
strength is about 0.8 cube strength, these values agree well with the k,/; values 
of Fig. 6. 

We have also found that 0.002 is a safe minimum value of the concrete 
strain at which maximum strength occurs, as shown in Fig. 2. We agree, too, 
with the assumption of a linear distribution of strain, except at wide cracks 
when the ratio of the steel strain to the virtual concrete strain equals F. The 
value of F varies from about 0.8 to 1 according to bond conditions. The 
strain values at failure determine the position of the neutral axis, and the 
moment of resistance of a beam is then easily obtained from the above safe 
values. In bonded prestressed beams, the steel strain is assumed to be the 
total strain minus the strain due to prestress. 

Some further tests have been carried out on the bending simulation 
machine referred to in the paper and agree well with the beam tests.t Precise 
determination of the shape of the compressive stress distribution is a slow 
procedure, but it has been obtained. It has become, however, mainly of 
academic interest, since safe values of the average compressive stress and the 
position of the center of compression obtained from many beam tests pro- 
vides sufficient information for design purposes. The position of the center 
of compression is determined from the lever arm value, the latter being ob- 
tained from the measured total steel tension and the applied bending moment. 


By ULF BJUGGRENf 


This excellent paper gives rise to some reflections, which might be of general 
interest. The majority of reinforced concrete beams are under-reinforced 
and in those cases the difference in calculated ultimate bending strength 
according to conventional calculations and to ultimate strength design is 
negligible. In over-reinforced cross sections, such as columns and some types 
of beams with high quality steel, the compressive area takes up a rather large 
part of the whole cross section. Sustained loads can in that case give rise to 
appreciable creep in the concrete. In the usual beams the actual creep de- 
formations will have comparatively low values, because a lowering of the 
neutral axis will decrease the concrete stresses to a high degree. This will not 


*Professor of Concrete Technology, Department of Civil Engineering, Imperial College of Sciences 
nology, University of London, London, England. 

tBaker, A. L. L., “Further Research in Reinforced Concrete, and Its Application to Ultimate Load 
Proceedings, Institution of Civil Engineers (London), Part III, Aug. 1953, Paper No. 5894 

tSkAnska Cementaktiebolaget, Malmé, Sweden. 
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Fig. A—Initial modulus of elasticity in flexure 








happen to the same extent in over-reinforced cross sections. The question is: 
should the creep deformations be included in the ultimate concrete strain or 
not? If we take an extreme case of a cross section having a sustained highest 
compressive stress of about 2000 psi, the corresponding elastic strain is of the 
order 0.0004 and the creep deformation might be of the order 0.0012, which is 
40 percent of the value of the ultimate strain recommended by the authors. 


The average compressive stress at compression failure depends, as the 
authors have pointed out, quite a lot on the effect of transverse strains. Appro- 
priately placed stirrups thus can to a certain degree increase the ultimate 
compressive force. A similar effect can be obtained if the compressive area of 
the cross section is sustained by concrete with low stresses. 
cially be the fact, when the distance to the neutral axis is small. 
with a 12 in. high cross section (cube strength 9000 psi) that the height of the 


This can espe- 
I have found 
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compressive stress in the concrete was higher than the cube strength. On the 
other hand, the dimensions of the test specimens used by the authors corre- 
spond to the compressive area of an usual beam with a depth of about 60 in. 
There may be more favorable results obtained by such small beams as joists. 


Finally I would like to mention the obtained values of the initial modulus of 
elasticity. Starting from the point of view, that in this case these values ought 


to depend on one quality factor and one time factor, I have arranged the values 
in flexure, measured from Fig. 10, as a function of the 10th logarithm of the 
age of the concrete and of the cement-water ratio, namely F (¢, w/c) = (0.24 
+ 1.43 log t + 0.75 c/w) 10°, where ¢ = age of concrete in days. As seen 
from Fig. A, the result seems to be significant as a first approximation. 


By HENRY J. COWAN* 


The paper is an outstanding contribution toward the design of reinforced 
and prestressed concrete for ultimate strength. In the past it has been nec- 
essary to assume a shape for the concrete stress distribution, and to prove 
the accuracy of the assumption by comparing the predictions of the resulting 
theory with the failing loads of test beams. We have now for the first time 
extensive experimental data of the shape of the stress-strain diagram itself. 

The most significant features of results presented are the relatively high 
ultimate strains and the descending portion of the stress-strain diagram. 
Neither can be reconciled with mathematical theories of the inelastic deforma- 
tion of concrete which have been published. Glanville’s experiments! in 
1930 established the existence of inelastic strains which were proportional to 
the applied stress. As a result, a number of rheological models for the de- 
formation of concrete were proposed{ consisting of viscous dashpots and 
elastic springs. While these models satisfactorily reproduce the long-term 
deformation of concrete at moderate loads, they fail to explain the high 
ultimate strains and the descending portion of the stress-strain diagram. 

Freudenthal? has suggested that the departure of the concrete stress-strain 
diagram from visco-elastic behavior is due to breakdown of the adhesion be- 
tween the cement and the aggregate. This presumes the formation of micro- 
cracks above a certain limit. The presence of minute cracks at about 60 per- 
cent of the ultimate load has in fact been observed by Berg,* using an optical 
method, and by Jones,‘ using an ultrasonic method; their presence has also 
been inferred from tensile tests by Blakey and Beresford.® 

These considerations lead to the statistical concept of a concrete specimen 
made up of a number of elements with strengths distributed over a specified 
range. This may be represented in a mechanical model by a number of 
springs rupturing progressively with increasing strain, and thereafter ceasing 
to contribute to the load resisting capacity of the model. Williams and 
Kloot, working on the behavior of timber specimens in tension,® have pro- 
~ *Professor of Architectural Science, University of Sydney, Sydney, Australia. 


+The model proposed by A. D. Ross [‘‘Creep and Shrinkage in Plain, Reinforced, and Prestressed Concrete,” 
Journal, Institution of Civil Engineers (London), V. 21, 1943, pp. 38-57] may serve as an example. 





1312 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 195 





duced a mathematical theory for a 
model of this type. Chosing suitable 
parameters, a stress-strain curve ob- 
tained from this theory is shown in 
Fig. B. The theoretical curve ob- 
viously proceeds to an infinite strain 
at a very small stress, since in a 
statistical theory an occasional ele- 








ment may remain undamaged, and it 





is necessary in practice to stipulate a 

limiting ultimate strain. With this 

reservation, however, the agreement Fig. B—tload-deformation curve _pro- 

duced by the mechanical model shown in 

Fig. C when it is deformed sufficiently 

rapidly to produce negligible viscous 
deformation 


Stream 


with the experimental data presented 
in this paper is evidently satisfactory, 
and it should be practicable to de- 
termine parameters to fit various 
types of experimental curves. 

The mechanical model shown in Fig. C has therefore been constructed to 
reproduce all the known features of the inelastic deformation of concrete. It 
consists of two series of viscous dashpots and elastic springs in parallel, the 
dashpot of one of the units being blocked by nonreturn valves; and a series of 
brittle springs in parallel which behave elastically up to failure, the failing 
loads of these brittle springs being distributed over a range. When this 
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Fig. C—Comprehensive mechanical model for the elastic and inelastic deformation of 
concrete 


model is deformed by a moderate load, so that the brittle springs are’ not 
damaged, it exhibits an immediate elastic deformation proportiona: to the 
applied load, and a progressive inelastic deformation at a decreasing rate, the 
total inelastic deformation over an infinite period being proportional to the 
applied load. When the model is unloaded the procedure is reversed; but due 
to the blocking of the second dashpot some of the inelastic deformation is not 
recovered. When the model is loaded sufficiently rapidly to produce negligible 
deformation of the dashpots, it deforms elastically until the fracturing load 
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of the weakest brittle spring is reached, and the subsequent inelastic deforma- 
tion is irreversible.* When the model is deformed sufficiently slowly to allow 
for appreciable deformation of the dashpots and the load is carried at the 
same time above the fracturing load of the weaker brittle springs, then both 
types of inelastic deformation are reproduced. 

It may be seen that the repeated loading of reinforced concrete structures 
at high loads (7.e., at loads above the working loads but below the failing 
loads under rapid loading) present a problem that must be investigated be- 
fore ultimate strength methods can be applied to reinforced concrete struc- 
tures with perfect confidence. It has been observed that inelastic deforma- 
tion due to creep, by ironing out the peak moments in a redundant structure 
over long periods of time, increases the load bearing capacity of the concrete 
structure. It has similarly been observed that micro-crack formation, by 
extending the stress-strain diagram and increasing the ultimate strain, in- 
creases the load bearing capacity of the concrete structure loaded continu- 
ously to destruction, as compared with a structure made from a similar elastic 
material failing in a brittle manner at the maximum stress. If it is, however, 
accepted that the declining portion of the stress-strain diagram is due to 
irreversible micro-crack formation, then the increase in strength may not hold 
for repeated high loads. 


The outstanding success of the authors in developing an experimental 


technique for determining the complete stress-strain diagram under rapid 


loading holds out hope for the solution of the problem of repeated loading. 
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By HOMER M. HADLEY # 


The series of tests reported in this paper is notable in its abandonment of 
the standard 6 x 12-in. concrete cylinder as the means of demonstrating the 
immediate plasticity of concrete in response to overload. Instead of the 

*In practice some of the micro-cracks would probably close up due to autogenous he 


allowed. . 
tHadley & Hadley, Consulting Engineers, Seattle, Wash 
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cylinder there is substituted the channel-shaped frame, simultaneously sub 
jected to direct stress and bending, and a new foundation for ultimate strength 
design is presented. 

The results of tests of these frames and of companion cylinders is presented 
in Fig. 9. There is a marked similarity in the stress-strain curves of two 
types of specimen. Perhaps the most significant feature of the curves is thei: 
limited extent; except for those of lowest strength, none reach far beyond 
strains of 0.003 in. per in. ‘“‘Where is the rose of yesteryear?’’: those strains 
of 0.009 and 0.010 in. per in. that once graced and adorned the outer reaches 
of ‘the plastic range”? As a matter of fact, between the 0.002 strains of the 
elastic range and the 0.003 to 0.0035 boundaries of the elastic range, not much 
space is left for plasticity. 

It is noted that about 15 min was given to the testing of each frame. This 
permits a more gradual application of load and more gradual adjustment to 
load on the part of frame than would be possible in a briefer time. The writer 
is of the opinion that the sudden application of a small increment of load to 
any of these frames that had attained a strain of 0.0025 in. per in. would have 
abruptly terminated both the curve and the frame at that point. The weak- 
ness and “‘come-apartness” of concrete so strained in a brief period of time 
has not been lost by changing the form of the specimen. The identity of those 
frames shown in Fig. 5 is not disclosed but the shattered condition they are in 
was no sudden development preceded by a relatively lengthy period of plastic 
integrity. 

Not the least unsatisfactory feature of this ultimate strength theory is the 
fact that there is no definite and decisive physical boundary to limit its sup- 
posed plastic range. The elastic theory has the maximum cylinder strength 
which is something positive and specific and determinable. ‘This theory has 
neither a definite strain, nor a definite state of cracking and shattering, nor a 
definite strength after a definite time of applying load at a definite rate. Its 
physical basis is vague and uncertain and indefinite. We have been offered 
the Saliger speculation, the curves extending to strains of 0.009 and 0.010 
without word of the concrete’s coming apart, and others. It is to be hoped 
that the authors will state their recommendations respecting the outer limits 
of the plastic range. 

Fig. 2, titled ‘Tests of 3 x 6-in. concrete cylinders—U. 8. Bureau of Rec- 
lamation,” has a familiar look. On comparison the curves are found to be 
identical with those of Fig. 3, ACI Journat, Oct. 1952, Proc. V. 49, p. 122, 
where they appear in Mr. Hognestad’s paper, “Inelastic Behavior in Tests of 
Eccentrically Loaded Short Reinforced Concrete Columns.” The chief dif- 
ference between these two figures is that the curves are now designated, top to 
bottom: “41 days, 13 days, 9 days.” These designations now definitely 
identify the curves with those bearing the same descriptions in Fig. 8 of 
Laboratory Report No. SP-12, Mar. 7, 1947, U. S. Bureau of Reclamation, 
wherein we learn that “each curve represents the loading of a single 3 x 6-in. 
cylinder.” These then are the cylinders whose stress-strain relationships 
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for concrete in compression Professor Hognestad believed applicable to 
flexure and which he then took as the basis of “the present analysis,” 7.e., 
that of 1952. 

Under the circumstances prevailing it is scarcely to be wondered at that 
L. P. Brice’s experimental efforts!’ to determine flexural stress-distribution 
in a beam receive the somewhat hurried brush-off that they do in this paper 
‘9 a straight-line stress-distribution was found, even at high loads. The 
principal weakness of this experimental method is the unknown extent to which 
the introduction of the steel plates locally changes the stress conditions in the 
concrete.” 

It is far from clear to the writer that the introduction of steel plates in 
Brice’s beam did actually change the stress condition in the concrete appre- 
ciably. But if it did, why of. all things did the stress pattern so perversely 
revert to one with straight-line variation, after all the labored efforts that have 
been made to have it a “plastic” pattern? In any event it is probably well 
that this beam be described in some detail so that “its principal weakness” 
can be more widely evaluated. 

Brice’s test beam is a novel and most interesting one. Its dimensions are 
slight: 7x 16x 150 cm. It was tested on a 130-cm span with equal, approxi- 
mately third-point loads. At midspan a stack of eight steel plates, 14 em 
long, replaced that length of concrete in the upper two-thirds of the section 
and an open gap or hole, about 8 cm long, was created in the concrete beneath 


them, across which opening the reinforcing bar extended. The eight plates, 
1 em thick, were not in contact with one another but were separated by 
spaces of 0.413 cm. These plates were placed and the concrete was cast 
against their ends and against the little forms which excluded it from the 
central open gap portion beneath them. In plan view these plates were hour- 
glass shaped, of full beam width, 7 cm, at their ends narrowing to a section 1 
em wide, at the middle, which reduced section extended for a length of 4.5 em. 


Each plate had two small projecting prongs at each end for anchoring it 
into the concrete and holding it in position. 

Thus, to repeat, there is created a concrete beam with reinforcement con- 
tinuous from end to end, with a midspan zone of constant moment and zero 
shear. At midspan there is a short length from which concrete is completely 
excluded, the gap being crossed by the reinforcing bar at the bottom and at 
the top by a set of steel plates about *4 in. thick having about 3% in. gap 
between them. The ends of these plates bear against the full width of the 
concrete but each plate reduces, as described, to a central section %¢ in. 
square by 1%4 in. long, completely out of contact with its neighbors. 

Such a beam appears innocent enough. It is only the concrete, pressing 
against the steel plates on their end surfaces that produces the recorded defor- 
mations in the steel. The steel, of course, reacts against the concrete but it is 
the pressure, the force, exerted by the concrete, not the strains and deforma- 
tions of the concrete, that produce the deformations in the steel and these 
steel deformations are not so large as to involve any question as to their in- 
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terpretation: they are purely elastic. Now it is true that the plates show : 
straight-line stress distribution pattern “even at high loads,” but even so 
that fact is not, per se, discreditable to them, does not convincingly demon- 
strate that they have “locally changed stress conditions in the concrete.’ 
All they have done is conflict flagrantly with the theory which our authors 
seek to establish. Another possible view is that Brice has developed a simple 
direct, and most ingenious method of determining what the stresses in con 
crete actually are, quite independent of concrete deformations and the inter 
pretation thereof. The installation of a set of Brice plates in the midsection 
of a concrete channel frame might present its difficulties but with the ordinary 
beam there is little or no trouble to be foreseen. It is to be hoped, therefore, 
that this promising field of investigation will be thoroughly and open-mindedl) 
explored, both by the authors and by others. 


Some 25 years ago Slater and Lyse found the flexural strength of concrete, 
based on the straight-line theory, in sufficiently reinforced concrete beams 
to be 67 percent higher than that of 6 x 12-in. cylinders with 2000-psi concrete; 
50 percent higher. with 3000-psi and stronger concrete. Nearly 30 years ago 
Gonnerman’s tests showed that the strength of concrete in 6 in. diameter 
cylinders varied inversely with the height of the cylinder, in a fashion not 
dissimilar to the tones of a trombone under varying degrees of extension. Just 
why the compressive strength of the 12 in. high cylinder should be expected 
to be the exact or even approximate measure of the flexural strength of its 
concrete rather than that the strength of a 6 in. high cylinder should, say, or the 
strength of some other height of cylinder, cannot rationally be explained but 


the wide prevalence of that belief is not to be questioned. Consequently, if the 


maximum assumed value of stress in flexure is to be no more than that of the 
cylinder, the only way the beam’s flexural capacity can be explained is by 
scrapping the straight-line theory and providing a substitute theory that 
activates the region in the vicinity of the neutral axis which the straight-line 
theory excludes from consideration. On the other hand, if one can entertain 
the thought of a flexural unit stress greater than the compressive unit strength of 
the 12 in. high cylinder by a Slater-Lyse amount, then the straight-line theory 
works admirably and agrees with the beam performance. The straight-line 
theory being the one with which everyone is familiar, it seems much simpler 
and better to change the value of f. than to scrap the straight-line theory 
altogether and to adopt a new one founded on the wonder tale of concrete’s 
instant plasticity. Therefore despite the addition of a new section on ulti- 
mate strength design in the ACI Building Code and other ‘‘party line”’ efforts, 
it may be advisable to hold back a bit pending a ptoper investigation rather 
than an arbitrary rejection of Brice’s findings, which, as stated, showed a 
straight-line variation of stress ‘“‘even at high loads.” 

Would it not, at this stage of things, be a most amazing development if 
additional Brice-beams should reveal naught but straight-line stress variation? 
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By KONRAD HRUBAN* 


The investigation by the authors forms a conclusive contribution to the 
ultimate strength theory, which has been achieved by means of an original 
and ingenious method. I would like to make a few comments to the authors’ 
remark on p. 477 that “the tests cover only one type of aggregate, one maxi- 
mum aggregate size, and one size of specimen without compression reinforce- 
ment.” 

I compared the test data given in the paper with results obtained elsewhere. 
In the USSR, for instance, eccentrically loaded columns of rectangular and 
I-shape sections have been tested up to considerable dimensions; the largest 
specimen had a section of 80 x 160 cm (about 32 x 64 in.). Comparative tests 
were carried out on columns, the sections of which had areas twice to 64 
times smaller.' Other investigations have been carried out in several European 
countries, different types of aggregates and cements have been used, and 
different testing arrangements applied. 

All the accumulated evidence leads incontestably to the conclusion that the 
stress-strain relationship for concrete in flexure is nonlinear and has to be 
represented by curves similar to those shown in Fig. 9. I think, therefore, 
the authors’ investigation gives qualitative information of fairly general valid- 
ity. 

Let us now éompare the quantitative test data arrived at in the paper. Eq. 
(3) may be rewritten in the form 


The value of ke/kik; depends on the concrete strength; according to 
Table 2 it varied between 0.48 and 0.67. The difference is significant. 
In Europe, we consider it in practical computations in the following way. 
We substitute a rectangular stress block for the actual one. To ob- 
tain the correct moment M,, given by Eq. (a), both the actual and 
the substituting stress block must have the same volume and give the 
same line of action of the total compression C (see Fig. 1). This means for a 
rectangular section that the substituting rectangular stress area has a depth of 
2kec. Denoting with f’ 2 the assumed uniform stress in the pressure zone (the 
so-called flexural strength of concrete) we obtain, instead of Eq. (a), the 


Mur = A, Sy d (: 


expression 


The standard specifications of these European countries, which have 


adopted the ultimate strength design, determine simply the value of f’ sez for 


*Professor of Concrete Technology, Technical University, Prague, Czechoslovakia 
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each category of concrete so that it corresponds to the test value of k2/k,k 
according to Eq. (c). The category of concrete is defined by the 20-cm cube 
strength of concrete. 

In this country, for instance, the standard values of f’ sz (given in the 1955 
specifications?) have been determined according to the following formula, 
which was suggested by the discussor with regard to previous test evidence: 


_ 1435 f'eube 
1490 + f' cube 


S' jez = 


Here, f’ cute iS the 20-cm cube strength of concrete in kg per sq cm. To 
compare the test results, from which Eq. (d) has been derived, with those 
given by the authors, we have to take 
TABLE A into account that 1 psi = 0.0703 kg 
per sq cm and that f’-we is regarded as 
Bin. being equal to 1.05 f.’. 
f-' psi Table 2 | Eq. (c) Using these relations and substi- 
2000 | 0.54 | 0.54 tuting into Eq. (c), we obtain the 
4000 0.61 | 0.59 values of k2/kik3 corresponding to the 
— + i. . o Middle European tests. The results 
are given in the third column of 
Table A. 

Evidently, both groups of tests lead to practically the same conclusions; 
the greatest difference between both respective numbers is 3 to 4 percent of the 
authors’ values. 

Russian standard specifications’ of 1948 give values of the strength f’ ;:. 
which are 5 to7 percent higher than those calculated by means of Eq. (d). This 
has but an insignificant influence on the resulting ultimate moment given by 
Eq. (b); the difference against Eq. (a) does not reach 3 percent. 

It can therefore be stated that the findings of the authors are also quantita- 
tively in accord with European investigations. The small variations can 
easily be explained by local influences. 

In my opinion the conclusions arrived at in the paper may be considered 
as a definitive answer to the question of the concrete stress distribution. 





ki/keks according to 
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By J. M. PRENTIS* 


On p. 462 the authors point out that their method has advantages over the 
methods of analyzing beam test data proposed by Prentis, Hamman, and 
Lee for it avoids the complications introduced by the presence of the rein- 


*Lecturer in Engineering, Marischal College, University of Aberdeen, Aberdeen, Scotland. 
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forcement and the concrete tensile stresses. There 
which, in some respects, is more important than the 
for the difficulty of measuring the steel strain can be o 
tensile stresses are generally insignificant in their effect. There 
inherent difficulties in measuring accurately the concrete strains i 

due to the finite and often irregular spacing and form of the tensile crack 
It is necessary to measure average strain readings over a 6- or 8-in. 
length to determine the maximum concrete strain (€.) and the position 
neutral axis. Thus, the section of failure «. is somewhat greater 

mean value and the depth of the compression zone is less than that 

by the strain gages. Furthermore, it is difficult to estimate the 

which finite spacing of cracks upset distribution of stress above neu 


ercar?r 


In deliberately ensuring that no tensile stresses are generated the aut 
avoid these difficulties. The writer would like to congratulate the authors 
on the ingenious way in which they have done this. 

However, having isolated the problem of determining the concrete stress 
from the complications due to reinforcement, concrete tensile stresses, and 
crack spacing there appears to be a logical difficulty in applying the results 
to normal reinforced concrete beams where all these factors are present. 
The writer would like to suggest that it is desirable that further tests be 
carried out in which tensile cracks are allowed to form. 

A comparison of the results from tests on pairs of identical specimens in 
which one of a pair is tested without cracks while its mate is tested with 
cracks would demonstrate the effect to which the crack spacing and presence 
of tensile stresses upsets the analysis. The writer must confess to a personal 
interest here; such tests would indicate the extent to which the beam analyses 
of Prentis, Hamman, and Lee are well founded. 

One of the basic assumptions of all the methods is that concrete stress is a 


function of strain only, time and stress history effects being negligible. The 


validity of this is questionable but it appears that the authors could use their 
test methods to verify it. It would be possible to test identical specimens 
at different rates of loading; or alternatively, single specimens could be 
tested so that the strain at one edge was held at, say, twice the strain at 
the other and so strained twice as fast. If time effects are negligible then the 
resultant stress-strain curves from such tests would be the same whatever 
the rate of straining. 

Beam tests by the writer have provided evidence substantiating this assump- 
tion. These tests are referred to in a paper by the writer? but the relevant 
points may be mentioned here. A number of beams were tested under four- 
point loading to give a central span subjected to a uniform bending moment. 
With each beam it was possible to measure strains at three sections along 
the length of the central span. Due to irregular cracking the compressive 
strain in the concrete and the position of the neutral axis varied between 

*Prentis, J. M., “Analysis of Inelastic Bending Stress in Concrete Beams,’’ ACI Journat, Sept. 1956, Proc. V. 


53, pp. 309-317. 
TOp. cit. 
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sections. Using the writer’s method of analyzing the data the stress dis- 
tribution was drawn for each of the three sections. Although the strain 
distribution, and hence the rate of straining, differed for each section th 
stress-strain curves were found to be the same. The time taken for testing 
ach beam was 4 to 5 hr. Had time effects not been negligible this would 
have resulted in a different stress-strain curve for each section. 


By E. ROSENBLUETH* 


The paper constitutes an important contribution to the theory of ultimate 
strength design. This discussion should not detract from the main conclusion 
of the paper, namely, that the proposed curved distribution of stresses in con- 
crete leads to fairly accurate prediction of flexural capacity in prismatic 
members of rectangular cross section. Nevertheless, it does warn against un- 
warranted extrapolation and neglect of time effects. 

Conclusions derived in the paper may be grouped in two categories. The 
first concerns stress distribution in prisms loaded similarly to those reported 
in the paper. The methods used for computing stress-strain curves in the 
prisms are objectionable principally because of the assumption that concrete 
stress is a function of strain only and does not depend on the history or rate of 
loading. It is well established that stress-strain relations in concrete are 
strongly time sensitive. Now, the strain rate in the prisms varies approxi- 
mately in proportion to the distance from the neutral axis, where it is zero. 
Admitting a linear variation of €, one may write 


(Al) 


where the dot denotes derivative with respect to time. The effects of such a 
pronounced variation in strain rate should certainly not be neglected. 

To gain some idea as to effects of the variable strain rate, it will be assumed 
that concrete may be represented as a certain combination of Maxwell and 
Kelvin bodies. That is, the behavior of each element of concrete will be 
idealized as that of a system of linear springs and viscous dampers. Under 
these conditions, extrapolation to € = © from direct compression tests per- 
formed at different rates should give a linear relation between stress and 
strain. Glanville,f as well as several other investigators, has shown con- 
clusively that this is nearly the case, at least up to stresses equal to 0.8 f.’. 
Admitting the validity of the proposed idealization in the range 0 S f S 0.8 
f.’, the stress-strain relation can be put in the form 

f=¢(e)... ss .. .(A2) 
where ¢ depends on the strain rate and strain history. 

Again, assuming linear strain distribution in the prisms, it is simple to 
show that 


*Research Professor, Institute of Engineering and Geophysics, University of Mexico, Mexico City, Mexico. 
tGlanville, W. H., “The Creep or Flow of Concrete Under Load,” Building Research Technical Paper No. 12, 
Department of Scientific and Industrial Research, London, 1930. 
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and the stress distribution is linear at all times up to f. = 0.8 f.’.. From Eq. 
(A3) 


and from Eq. (16) 


l 
¥, = =[#(c-) + d'le | A4 


where the prime denotes derivative with respect toe... Similarly, from Eq. (17) 


I 
f. = = 2¢ («€ )r®D le .| A5 
0 


The difference between values of f. computed from Eq. (A4) and (A5) is 
] 
D = 7 [o(e) — $'(€-)e] A6 
) 
It is true that D=0 only when ¢/e, is constant, which corresponds to 


no internal damping. However, D/f. is quite small in practice. For example, 
in the range covered by the tests one may take, in first approximation, each 


concrete element idealized as a simple spring and dashpot in series. Then, for 


Ee. ny 
@ = vy| 1 -e-— A7 
UcY 


a constant strain rate € = v 


where y and £ represent the damper and spring constants, respectively. Sub- 
stituting in Eq. (A4) to (A6) and assuming v.y = 2.6 Ke. at f. = O08 f 
which is representative of the curves in Fig. 9, one obtains D/f, = 0.025. 
That is, the maximum difference between values of f. computed from Kq. 


, 


(16) and (17) is less than the maximum observed difference in the tests and of 
the same order as experimental errors. It must be concluded, therefore, that 
the near equality of f. values from both conditions of equilibrium does not 
disprove the contention that stress-strain curves are time dependent. 

Since f, was found from the average of values deduced from Eq. (16) and 
(17), Eq. (A4) and (A5) give, for strain-flexure curves, 


bp: Sosa) +s ottand 
I. = gli (ee) + oD od (é€& Je 


and, again with vy = 2.6 Ee, at f. = 0.8 f.’, f. = 0.77 Ee... On the other 
hand, for uniform compression at the rate v = v,., Eq. (A2) and (A7) give f. = 
0.83 Ee.. The initial tangent moduli are theoretically both equal to FL. Clearly, 
the general shape of the curves is quite similar. 

The 10 percent difference found in initial moduli in the tests can best be 
explained on the basis of differences in the method of casting cylinders and 
prisms. 
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An apparent discrepancy with the proposed theory is that k. was not found 
exactly equal to 1/3 at f. = 0 (Fig. 6). The only plausible explanation lies 
in slight differences of concrete quality in the different fibers of the prisms. 
At higher stresses there is, besides, a slight systematic curvature in the strain 
distribution. The curvature is concave downward (Fig. 9), which tends to 
exaggerate the computed values of ke. 

From the foregoing discussion it is justified to conclude that the actual 
stress distribution in the prisms was practically plane up to f. = 0.8 f.’, and 
that at all stress levels it resembled the stress-strain curve of rapidly loaded 
cylinders rather than that of standard compression tests. 

In extrapolating to reinforced concrete beams there are other factors that 
have been neglected in the paper. The presence of cracks in the tension zone 
and statistical effects play an important role which invalidates a strict ex- 
trapolation. For example, the strain distribution cannot strictly be plane, for 
there is a discontinuity at every crack. This would imply infinite strains in 
the compression zone at sections containing tension cracks. Even if the 
assumption of plane strain distribution is adhered to for the compression zone 
only, there would still be a discontinuity of shearing strains at the neutral 
axis, and this phenomenon was not operative in the tests on prisms. 

As to statistical effects, the prisms tested tended to fail at the weakest 
section, whereas reinforced concrete beams will fail at the weakest section in 
compression, selected from only those sections which have developed tension 
cracks; the latter situation is undoubtedly more favorable. 

Time effects, also, differ in reinforced concrete from those characteristic 
of the prisms. The neutral axis shifts upward and v is no longer constant for 
sach fiber, since x decreases monotonically for all fibers as load increases. 

If the foregoing objections are valid, experimental values of ultimate- 
strength constants should differ in the prisms and actual reinforced beams. 
Data in Fig. 8 show indeed such a systematic difference in experimentally 
determined constants. It seems likely that a trapezoidal stress distribution, 
such as Jensen’s, with corrected ¢, would lead to simpler and more accurate 
prediction of the behavior of concrete in flexure than the stress-strain curve 
deduced from standard compression tests. 


By G. M. SMITH and L. E. YOUNG* 


Messrs. Hognestad, Hanson, and McHenry are to be congratulated on the 
ingenious and thorough method of test used in determining the shape of the 
stress block as associated with ultimate strength design. To really appreciate 
the contribution of this paper, one has only to review the literature of ulti- 
mate theories which have evolved from numerous assumed shapes of the stress 
block in the compression zone. Knowing the actual shape of the stress block 
in the compression zone will provide a more fundamental understanding of 
failure and possibly provide new avenues of approach to ultimate design. 


*Assistant Professors of Engineering Mechanics, University of Nebraska, Lincoln, Neb. 
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This paper and supporting evidence verify the dip in the compression 
stress-strain curve of concrete after ultimate stress is reached when under 
test in a testing machine. There is some question as to whether similar condi- 
tions exists for specimens subjected to dead loads as in a structure. The con- 
dition of dead loading of a compression member such as a cylinder would not 
permit a reduction in the load and therefore a reduction in stress could not 
occur even if the stiffness of the testing machine was infinite. In other words, 
do loads near failure in a testing machine simulate loads under the force of 
gravity? The description of test results on pp. 466 and 467 indicate that the 
force P, was initially increased with P; until a maximum was reached, after 
which P: decreased quite rapidly near failure. It would be of interest to 
know if the sum of P; and P», ever decreased as the specimen approached 
failure. 

It is interesting to note that the previous wide deviation between ultimate 
stress in flexure and in direct compression, as described by parameter ks, 
has been narrowed. A comparison of the stress-strain curves in flexure and 
direct compression in Fig. 9 and the plotted points for ks in Fig. 12 indicate 
that within the degree of predictability of concrete that the ultimate stresses 
might be identical and k; = 1. 


By A. J. TAYLOR* 


The authors must certainly be congratulated on a really convincing attempt 
to solve the problem of the compressive stress distribution at ultimate loads 
for members subject to flexure. But it must be realized that they have de- 
termined the solution for beams subject to some combination of axial load 
and moment, different from that which could actually occur in a beam, and 
not for pure flexural loading conditions. No doubt, in practice, few members 
come under the category of pure moment without axial, load, but this does not 
appear to be ideally, the true nature of the problem attempted, which is 
stated in the summary at the end of the paper. It is implied that the shape 
of the stress block at failure for moment loads has been solved by the test 
methods indicated. This in fact is not the case. 

ABCD (Fig. D) represents the 8 x 6 x 16-in. block under test, the loading 
conditions reducing to some force P at an eccentricity e. In an attempt to 
represent the actual conditions of a concrete beam failing in compression, the 
authors have introduced a system of loading whereby it was possible to vary 
P and e such that zero strain occurred in the fibre CD, hence deducing by 
definition, that this was the neutral axis. The neutral axis position for an 
analogous concrete beam would be GH (Fig. E). 

The difference between the two cases is that in the beam bending occurs 
about the axis GH, but in the authors’ tests bending does not occur about 
the axis DC, but about EF which for low loads lies at the centroid of the 
section. This axis EF is the “neutral axis” about which bending takes place. 


*Research Student, Civil Engineering Department, University of Sydney, Sydney, Australia 
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Fig. D 


The two cases are, therefore, not analogous, since although the actual! 
neutral axes are effectively in the same position, the bending neutral axes are 
in different. positions but have been disguised by the axial load in the au- 
thors’ tests. 

The sets of curves given for ke and k,k; against strain (Fig. 6) are also 
not applicable to concrete beams subject to flexure for another reason. Ac- 
cording to Eq. (12) and (13) 


P, + P, 
bef. 


P, a + P2 az 


(Pi + P2)e 


where c is equal to the depth of the compressive zone in a beam but is repre- 
sented by the constant total depth of the specimens tested by the authors. 
In an actual beam test, the depth of the compressive zone varies due to in- 
creased cracking and the introduction of plasticity. In effect, each point on 
the k, and k,k; curves represents values which could be obtained for partic- 
ular loads on different beams with different effective depths. In any one of 
these beams the depth of the compressive zone would vary and not remain 
constant as in the tests. 

In three out of five tests in which graphs were given for kz against concrete 
strain (Fig. 6), values of k2 reached and exceeded a value of 1/2. With k: 
equal to 1/2, the line of action of the compressive force must be at the centroid 
of the section. For this particular condition we thus have an axially loaded 
specimen. It is not surprising, therefore, to find that even though moments 
do exist: “ there was a striking similarity between flexural stress-strain 
relations and those obtained in concentric compression tests on 6x 12-in. 
cylinders.” 


AUTHORS’ CLOSURE 


The authors greatly appreciate the contribution made by the discussers 
in clarifying the fundamentals of ultimate strength design. Studies of in- 
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elastic concrete stress distribution have recently been intensified throughout 
the world, and it is gratifying that this discussion affords an opportunity for 
comparison of independent findings in different parts of the world. 


Comparison with other data 

Baker reports that the results of a large number of beam tests carried out 
at Imperial College agree closely with the results reported in the paper. By 
comparison with test results obtained in the USSR and in several European 
countries Hruban concludes that the authors’ findings are applicable beyond 


the type of aggregate, cement, and specimen used. Though they have not 


had an opportunit 


to examine the pertinent test reports published in the 
USSR, the authors have recently studied the ultimate strength design specifi- 
cations for reinforced concrete structures issued in that country in 1949 (N 
and TU-49) and in 1955 (123-55 MSPMChpP).'* It was found that these 
specifications, which for most cases utilize an equivalent rectangular stress 
block, are based on fundamental concepts regarding inelastic concrete stress 
distribution that are strikingly similar to those presented in the paper. 

While the authors’ investigation was in progress, similar work was being 
carried out independently at the Munich Institute of Technology in West 
Germany under the direction of Riisch.4 Groups of identical specimens 
were tested with a different and constant eccentricity for each test. Typical 
eccentricities were 0, 0.2, 0.6, and 1.0 times the kern distance. For all speci- 
mens within one group, strain measured at an outside face at ultimate strength 
was plotted versus applied eccentricity, and the eccentricity corresponding 
to a position of the neutral axis at an edge of the cross section was determined. 
By applying suitable statistical methods, information regarding the stress 
distribution similar to that developed by the authors was arrived at. These 
German findings are compared to the PCA results in Fig. F. Test results 
have been added for three new sand and gravel concretes and for 15 lightweight 
aggregate concretes tested recently by J. A. Hanson at the PCA Laboratories. 

The German tests were made with sand and gravel aggregates. It is seen 
in Fig. F that, in spite of differences in materials and testing techniques, an 
excellent agreement exists between the German and the American test results 
for sand and gravel concretes. Furthermore, the radical change in aggregate 
type to lightweight materials caused only a minor change in the stress distri- 
bution properties. 


Applicability to structural concrete 

Several of the contributions to this discussion considered the extent to 
which the test results presented in the paper are directly and quantitatively 
applicable to ultimate strength design of structural concrete. The authors’ 
position on this question was stated in the paper as “The numerical con- 
stants obtained . . . may be helpful in considering design values suitable for 
practical ultimate strength design,”’ and “‘To make definite design recommenda- 
tions, however, strong consideration must also be given to tests of reinforced 


? 


concrete beams and columns Recently, the authors have had occasion 
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to compare ultimate strength computed by the numerical constants given in 
the paper to measured ultimate strength of a variety of structural concrete 
members. Agreement within a few percent has been found for columns, 
pre-tensioned beams, and beams of T-section, even in cases when ultimate 
strength was controlled by compression. Nevertheless, it is felt that the 
principal purpose of the test method developed should be to clarify principles 
and to study effects of variables in the composition of concretes, such as a 
change from sand and gravel to lightweight aggregates. 

Smith and Young considered the effect of gravity loads. The variation of 
P, + Pz: during loading is reported in the paper in terms of kik; = (P; + Pe) 
be f.’.. As shown in Fig. 6, a slight decrease in kik; took place before final 
collapse of the specimen for low concrete strengths. The ultimate strength 
design factors given in Fig. 8 and 12 correspond to the maximum value of 
P, + Pz for each test, and it is therefore believed that the same values would 
have been reached in a similar test under gravity loads. 


Hyperstrength effects 


In studies of the “‘hyperstrength” effects mentioned in several discussions, 
it is evident that consideration must be given principally to tests of rein- 
forced members. Ashdown, Prentis, and Rosenblueth pointed out that con- 
crete in tension between flexural cracks may contribute to ultimate beam 
strength. Abeles suggested a design equation accounting for such contribu- 
tion, which he believes is also related to an increase in steel strength by virtue 
of the fact that the steel is embedded in concrete. Bjuggren pointed out the 
restraining effects of stirrups that may increase the strength of the com- 
pression zone in beams. He also reported observation of a similar restraining 
effect of concrete below the neutral axis, particularly when the distance to the 
neutra' axis is small. Further sources of hyperstrength effects are strain 


hardening of the reinforcement, reentrant corners in the concrete compression 


zone, and catenary effects. 

The authors feel that most hyperstrength effects are of an unreliable nature, 
and they should therefore not be considered in ultimate strength design, at 
least not at the present time. It is further felt that in future studies of these 
effects, it is advisable to carry out reinforced concrete experiments under en- 
tirely realistic conditions. It is possible, on the other hand, that development 
of new special test methods may be helpful in clarifying fundamental prin- 
ciples, for instance, regarding flexural cracking. 


Mechanical models 


Mechanical models such as those discussed by Cowan and Rosenblueth 
are valuable tools in fundamental materials research. When they are care- 
fully developed to reflect actual properties of materials, models may aid in 
discovering relationships between properties of different materials, or rela- 
tionships between different properties of the same material. Rosenblueth 
used a simple model consisting of one spring and one dashpot in series to in- 
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vestigate the stress-strain relationship for concrete stresses below 0.8 f,’ 
His conclusion that the stress is less than the product of strain and initia 
tangent modulus is certainly correct, although the quantitative estimate may 
be questioned. All studies of creep in concrete with which the authors ar 
familiar indicate that for the test conditions discussed, the creep strain would 
be of the order of 1 percent of the elastic strain. Prentis reported that no 
effect of strain rate was found in his beam tests. 

The significant question in using the assumption that all “fibers” follow 
one and the same stress-strain curve was in the authors’ view not one of time 
effects, but rather one of a possible effect of the stress gradient on the stress- 
strain relationship. As far as further developments of ultimate strength 
design are concerned, it is felt that the effects of creep and repeated loading 
may better be investigated by tests of reinforced members. 


Strains 


Rosenblueth suggests that the distribution of strain across a reinforced 
beam section cannot be linear at flexural cracks. This is certainly true. How- 
ever, numerous tests of reinforced concrete beams and columns have shown 
that linear distribution of strain closely approximates reality if strains are 
measured over a gage length greater than the average crack spacing. The 
ultimate concrete strains of 0.003 to 0.005 reported in recent American litera- 
ture were in most cases measured by 6-in. electric gages. Strains at a crack 
over a short gage length probably exceed these values. Thus, to study local 
conditions at cracks, the assumption of linear strain distribution is not war- 
ranted. On the other hand, this assumption is entirely reasonable in develop- 
ing ultimate strength equations for reinforced concrete members. 

Bjuggren raised the question regarding the extent to which creep deforma- 
tions should be included in the ultimate concrete strain. For research pur- 
poses it is certainly convenient to do so. The strength of eccentrically loaded 
columns subject to high sustained loads has been estimated on that basis.°® 
In ultimate strength design, it is often assumed, for reinforcement with yield 
points not exceeding 60,000 psi, that compression reinforcement is yielding 
at ultimate strength. In some cases this implies a consideration of beneficial 
creep effects. If compression reinforcement of alloy steel quality with a 
yield point of about 90,000 psi is used with high-strength concrete, it seems 
logical to consider the beneficial effects of creep that lead to a “pre-com- 
pression” of the steel. It is felt, however, that this should be done in design 
only after such beneficial effects have been demonstrated by tests of rein- 
forced members. 


Abeles requested an opinion regarding the applicability of Eq. (23) to the 
balanced reinforcement of prestressed beams. Such application was dis- 
cussed in a recent paper.® To obtain an approximate value of p, by Eq. (23), 
e, should be taken as the yield strain minus the effective prestress strain, but 
f, should be taken as the full yield point stress of the steel. The balanced 
percentage computed by Abeles as 2.2 percent would then be reduced to 0.8 
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percent, which is in reasonable agreement with the values of 0.77 to 1.08 
percent he quoted from European tests. He also reported that European 
tests of beams with high-strength wire reinforcement have indicated higher 
values of R = M,,,/bd*f.’ than those corresponding to the factors given in 
Table 2. The authors believe this is due primarily to the low factor of 2/3 
to 0.7 used by Abeles to convert the compressive strength of cubes to cylinder 
strengths. Had a conversion factor of 0.90 been used, the R values quoted 
would have been 0.245 to 0.300 which is in reasonable agreement with the 
value 0.270 computed by the authors’ ultimate strength factors. 

On the basis that bending takes place about different axes, Taylor suggested 
that the authors’ test method does not represent the conditions in the com- 
pression zone of a beam. The authors feel that the important similarities 
between the two cases concerned are the position of the neutral axis defined 
as the axis of zero strain and the fact that the same gradient of stress and 
strain is present in both cases. 


Modulus of elasticity 


The relationship between modulus of elasticity, time, and c/w ratio sug- 
gested by Bjuggren is indeed an interesting one. It seems reasonable to 
expect that the constants in his equation may depend on the conditions of 
specimen storage. 


Straight-line theory 


Many discussions regarding adaptation of ultimate strength design con- 
cepts to everyday practice in a design office have been recorded in the litera- 
ture of reinforced concrete between 1930 and the present time. If the authors 
interpret Hadley’s discussion correctly, he prefers to retain the straight- 
line method, modified in such a way as to give about the same answer with 
respect to measured ultimate strength as is reached by inelastic analysis. 
Modifications of that sort are indeed possible, as has been shown by others, 
but they lead to complicated design criteria which are basically irrational. 


Hadley’s discussion indicates that he finds it impossible to accept any evi- 
dence of “immediate plasticity” in concrete. The volume of test data in- 
volved has during the past two decades become so comprehensive and so 
conclusive that another paragraph or two in this closure, devoted perhaps to 
the “roses of yesteryear,’’ could scarcely serve a useful purpose. 
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Disc. 52-29 


Discussion of a paper by L. Fischer: 


Design of Cylindrical Shells with Edge Beam* 


By H. S. GEDIZLIt 


In the synopsis of this paper it is suggested that consideration of the verti- 
cal, horizontal, and torsional stiffness of the edge beam is heretofore not 
adequately presented in engineering literature. Actually such a solution, 
valid for any kind of load, was obtained some years ago by Girkmann in his 
outstanding book on plates and shellsf. The author’s statement apparently 
overlooks Professor Girkmann’s contribution. 


*ACI Journat, Dec. 1955, Proc. V. 52, p. 481. Disc. 52-29 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52 

tAnkara, Turkey. 

tGirkmann, K., Flaechentragwerke, Einfahrung in die Elastostatik der Scheiben, Platten, Schalen und Faltwerke, 
3rd_Edition, Vienna, Mar. 1954, pp. 479-483. 


1331 








Disc. 52-30 


Discussion of a report by ACI-ASCE Committee 327: 


Ultimate Strength Design* 


By P. W. ABELES, JAMES CHINN, WILLIAM A. CORDON, E. ROSENBLUETH, HERBERT 
A. SAWYER, JR.,C. P. SIESS and R. K. L. WEN, BRUNO THURLIMANN, and COMMITTEE 


By P. W. ABELESt 


The writer would like to amplify his earlier discussion published in ASCE 
Separate 972. 

The formulas presented in the report appear to be simple and safe. The 
latter is particularly important with percentages approaching the balanced 
design when great variation may occur in the concrete strength. 

The writer investigated this question in his discussion of Cox’s paper? and 
obtained a formula M,/bd*f.’ = g(1 — 0.5q) based on an ultimate concrete 
stress of f.’ instead of 0.85 f.’, with a limit value 0.375, disregarding the magni- 
tude of the concrete strength. The writer’s investigations? and his paper* pre- 
sented at the Congress of the International Association for Bridge and Struc- 
tural Engineering in Cambridge, 1952 are based on high strength steel for which 
not the yield point, f,, but the ultimate strength, f,, applies, as test results 
have proved. This is of considerable influence, as was shown in Fig. 3 and 4 
of the ASCE discussion.' Particularly, Fig. 4 shows the considerable increase in 
actual ultimate load based on the ultimate strength of the steel, f,, as com- 
pared with the yield point, f,. It is further seen that the limit value M,,/bd?*f.’ 
= 0.375 is further exceeded in many instances. This excess in strength is 
taken into account by the writer’s suggestion for a stress distribution pre- 
sented in references 1 and 2. The writer’s investigations might be objected 
to on the grounds that the values computed from test results are too high, 
since in some instances the available compressive reinforcement was not 
taken into account. The writer has already referred to this discrepancy in 
his discussion of the Hognestad, Hanson, McHenry paper.* This may result 
in reductions of M,/bd?f.’ up to 10 percent. However, even with such reduc- 
tions much higher values are obtained than those suggested in the report. 
Reference may be made to specimen E of the tests by Revesz (see Tables 
II & IV of reference 3) relating to concrete of a cube strength of 7650 psi and 
nontensioned wire reinforcement of a strength of 296 ksi (percentage 0.724). 
If f.’ is considered as 60 percent of the cube strength, a value M,/bd*f.’ = 
0.348 is obtained, which value is reduced by 7 percent if the ultimate resistance 


*ACI Journat, Jan. 1956, Proc. V. 52, p. 505. Dise. 52-30 is a part of copyrighted JourNAL oF THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
For sources of additional discussion of this committee report see references, end of committee closure, p. 1354. 
tConsulting Engineer, London, England. 
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of 2 wires in the compressive zone with a stress of 100 ksi is taken into accoun 
If the ultimate load of prestressed beams is considered, even higher limi 
values are obtained. As shown in earlier discussion,‘ for prestressed concret: 
beams tested by Stott at the University, Leeds, and investigated in discussion 
of Cox’s paper, values of 0.316-0.386 are obtained for M,/bd?f.’ relating to 
concrete of a cube strength of 8260 psi (f.’ = 6000 psi) and high strength 
wire of a strength of 268 ksi (percentages 0.77 to 1.28 percent). These ar 
corrected values, the noncorrected values in reference 3 being 0.352-0.425 
According to the committee report, values below 0.300 would have to be 
considered. However, it would be objected that these test specimens were 
small and therefore further tests on large size specimens would be important. 

Where uniformity of concrete strength is ensured, as with factory-made 
high strength concrete, there is no need for an excessive factor of safety. In 
the light of this consideration, the writer would like to refer to the value 
q = 0.40 for the limit design which is to be reduced by 0.025 per each 1000 
psi in excess of f.’ = 5000 psi. This would result in the following limits: 


fe’, psi 5000 9000 


M./bd °f./ 0.306 | 0.278 0.247 


It is true that concrete becomes less deformable with high strength and its 
stress-strain curve approaches a straight line whereas with low strength it 
approaches a rectangular stress distribution. Thus, a reduction of the limit 
seems justified. However, it is queried whether limit values below 0.300 are 
necessary. Would it not be better to specify f.’ as the lowest value of the 
cylinder strength obtained from many tests? 

In Table A, values M,/bd?f.’ are shown for a concrete strength f.’ = 5000 psi 
and steel strength f, = 80,000 psi, assuming that the yield point is f, = 60,000 
psi. Two formulas are compared: that according to the committee report 
M,,/bd*f.’ = q(1 — 0.59q) with a limit g = 0.4 and the formula M,/bd*f,’ = 
q(l — 0.5q) witha limit g = 0.5 


TABLE A—VALUES FOR M../bd’f. FOR f.’ =5000 PSI 


fy = ’ 
q (1 — 0.59¢) 
144 
). 260 
306 
. 306 
306 
306 
306 
306 





coooooco 
“et act: rae | 





It is seen that there is little difference between the corresponding values 
for the two formulas if the percentage is below the limit values, but the 
difference is appreciable if the difference of steel stress is taken into account. 
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It may be repeated that the writer’s comments relate solely to high-strength 
well-bonded steel without distinct yield point for which case higher values of 
M,,/bd*f.’ are obtained and the ultimate strength, f,, instead of the yield point, 
f,, should be inserted when computing g = pf,/f.’. In fact, owing to reduced 
necking even an excess of the ultimate steel strength occurs with well-bonded 
steel without distinct yield point, and consequently all the theories which 
relate the actual ultimate steel stress to the maximum tensile strain ascer- 


tained from beam tests are based on the apparently erroneous assumption 


that the strain of steel in a fine crack equals that obtained for the usual gage 
length in a usual stress-strain diagram. It is, therefore, suggested that for 
high-strength steel the strength of the steel instead of the yield point be taken 
into account. 

With regard to the limit for M,/bd?f.’, it is certainly wise to use the re- 
duced values shown earlier. However, for future developments it might be 
advisable to make further investigations on large test specimens so that the 
limit values would be increased for factory-made concrete of uniform strength 
if these investigations are satisfactory. 
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By JAMES CHINN* 


The introduction of ultimate strength design as an alternate design method 
in the ACI Building Code represents a definite step forward in American 
practice. The many people who have been instrumental in bringing it about 
are due the thanks of the entire profession. 

Caution should, however, be exercised by anyone designing by ultimate 
strength procedures at the present time. Although the report of ACI-ASCE 
Committee 327 lays down very definite recommendations for design, one 
should not attempt to design until he understands the basis of each recom- 
mendation. 

The Committee has rightly recommended that indeterminate structures be 
analyzed by elastic analysis and the members be proportioned by ultimate 
design procedures. Although this is a seeming inconsistency, it is exactly 
what has been done in “elastic” theory from the beginning of concrete design. 


*Assistant Professor of Civil Engineering, University of Texas, Austin, Texas. 





1336 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 195 


The designer has always determined his elastic moments and then provided 
only the reinforcement at a section required to develop these moments; he has 
not provided equal amounts of continuous positive and negative reinforce- 
ment as would be required for a longitudinally homogeneous member. The 
use of a plastic or “‘limit design”’ analysis for moments does not appear justified 
in this country at this time in light of the limited rotational capacity of a con- 
crete member with reinforcement close to the balanced percentage and the 
lack of any appreciable reserve strength due to strain hardening after yielding. 

When one begins to design by ultimate strength procedures, greater con- 
trol will have to be exercised on construction loads. No longer will the con- 
tractor be able to store plaster sand, bricks, and other materials to heights of 
3 ft and more on slabs designed for a 75 psf live load, for the structure will 
no longer have that great a strength reserve. 

The Committee has recognized that compression failures of beams, being 
brittle failures occurring with little or no warning, are to be guarded against. 
The recommendation of the Committee that the maximum ratio of reinforce- 
ment be limited to p = 0.40 f.’/fy, however, appears too liberal to the writer. 
It is stated that this value represents about 0.9 the balanced percentage, 
but how the balanced percentage was determined is not stated. Balanced 
percentages calculated by several methods for several values of f.’ and fy are 
tabulated in Table B. 

Although the Committee recommended that q be reduced 0.025 per 1000 psi 
concrete strength in excess of 5000 psi, it appears that q decreases with in- 
creasing f, as well as f.’.. If Hognestad, Hanson, and McHenry’s results are 
correct, the Committee’s q = 0.40 represents 74 percent of balanced rein- 
forcement for ordinary conditions of f.’ = 3000 psi and f, =-50,000 psi and 
appears to be an adequate safeguard against compression failure. At f.’ = 
5000, f, = 60,000, however, g = 0.40 represents 93 percent of balanced rein- 
forcement and for higher strength steels, it represents even more. This is 
not an adequate safeguard against compression failure. In addition, a limit- 
ing value of f, = 60 psi, properly used in determining M,., should not be 


TABLE B—VALUES OF q = po 


— ye 
f.’ 








Values of @ 


= 40,000 | fy = 50,000 








0.40 
0.40 - 
0.40 0.456 | 
0.40 0.456 
0.40 | 0.456 | 
0.375 | 0.456 | 
| 0.350 | 0.456 
0.325 | 0.456 | 


. Maximum allowable by ACI-ASCE Committee 327. 
. Whitney (Ref. 1). 
. Exponential Function (Ref. 2). 
4. Hognestad, Hanson, McHenry (Ref. 3). 
. Jensen (Ref. 4). 
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applied in the formula p = 0.40/.’/f,, for an actual f, of 66.7 ksi would nullify 
the 0.9 factor which the Committee has included in its value of g. In fact, one 
should always use a maximum expected value of f, in determining p in contrast 


to a minimum expected value in determining M,,. One should also use a 


minimum expected value of f.’ in determining p. 

Fortunately, balanced reinforcement will not be a problem in most struc- 
tures. Balanced reinforcement percentages are higher than the most econom- 
ical percentages and therefore will not be used. Also, in negative moment 
regions where balanced reinforcement would be approached, bottom bars 
would also exist which would act as compression steel. The only instances 
which occur offhand to the writer where compressive failures might be a 
problem is cantilever beams without compressive reinforcement, cantilever 
retaining walls, and spread footings. 
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By WILLIAM A. CORDON* 


‘ 


‘not more than one 
test in ten should have an average strength less than the strength assumed in 


The committee’s general requirement (f), p. 510, that 


design,” is a realistic approach to strength specifications. This can only be 
based on the probability of low tests, however, since ten tests alone do not 
provide a reliable estimate of the strength distribution. To comply with this 
requirement, the average strength referred to in the committee report, must 
be equal to the “required strength,” f.,, discussed in the report of ACI 
Committee 214, ACI Journat, Nov. 1955. 

The Committee’s use of the term “test” evidently refers to the average of 
three cylinders from the same batch of concrete. For one low test in ten, the 
chance for the average of three tests to be as low as the specified strength, 
is more than one in one hundred and provides a rather restrictive limitation 
which may be necessary for ultimate design. If the term test refers to three 
cylinders from three different batches, however, the requirement is not suffi- 
ciently restrictive since under these conditions the chance for the average of 
three tests to be aslow as the assumed design strength is practically nonexistent. 

The recommendations of ACI Committee 214, ACI Journat, Nov. 1955, 
provide a method of computing the average strength required, f.,, to estab- 


*Associate Professor of Civil Engineering, Utah State Agricultural College, Logan, Utah. 
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lish the probability that only the allowable number of low tests will occu 
Probably the most important consideration is the assumption that if th: 
average strength equals f.,, there is reasonable assurance there will be no mor: 
than the allowable amount of low strength concrete placed. Acceptance tests 
provide data to establish the proper value of f.- on a current basis. 


By E. ROSENBLUETH* 


The paper does a great service to the profession by summarizing all per- 
tinent practical aspects of the present state of ultimate strength design of 
reinforced concrete. Clarity in presentation and the set of design charts are 
particularly to be commended. 


The writer finds only three bothersome points. The first concerns the 
recommended load factors (Eq. I-IIb). The fact that they be representative 
of the practice in countries where limit design is extensively used does not 
justify their adoption. The only rational way of establishing load factors 
lies in probabilistic studies. The subject is treated in a number of recent 
publications.— The main difficulty in applying methods proposed to date is 
the lack of quantitative data necessary for computing permissible probabilities 
of failure. The matter is complicated further when one takes in consideration 
the interrelations between cost of structure and permissible probabilities of 
failure. 

Nevertheless, sufficiently accurate results may be obtained by specifying 
the probability of failure merely as a function of type of structure, and work- 
ing with a constant probability throughout.{ Thus, only one parameter is 
fixed more or less arbitrarily on the basis of experience, instead of requiring 
several such parameters for each of five different concepts. 


Statistical distributions of variables pertinent in structural design usually 
lie between Gaussian and logarithmico-normal distributions.t When inde- 
pendent variables are associated additively, the assumption of Gaussian dis- 
tribution leads to safe results. When they are associated multiplicatively, it is 
safe to assume logarithmico-normal distributions. Letting F, denote the load 
factor due to uncertainty in the loads and F, the factor of safety due to un- 
certainty in resistance and in the geometry of structural elements, the com- 
bined load factor lies between 1 + V(F, — 1)? + (F, — 1)* (normal dis- 
tributions) and exp V (log F,)? + (log F,)? (log-normal distributions). Further, 
if D, L, and W denote the nominal values of dead, live, and wind loads, and 
Fa, F;, and F,, the load factors due to uncertainty in each concept, the com- 
bined load factor is not greater (and usually not appreciably smaller) than 
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hei VD? (F, — 1) + 2 (F, — 1)? + W?(F, — 1? 

D+L+W 
It is safe to use this value in the exponential expression for the load factor 
which includes uncertainty in resistance. If the statistical distributions are 
known precisely, and more accurate (less conservative) values are desired, 
an expedient graphical method* is available to find their combined factor of 
safety. 

The foregoing exponential expression for the load factor of a combination 
of variables leads to considerably smaller values than the ones obtained by 
the usual simple multiplication of the individual load factors. For example, if 
the loads D, L, W acting on a structure are equal and each requires a load fac- 
tor of 2.0, and the strength and dimensions of the member are so unpredictable 
as to require a factor of safety also equal to 2.0, design should be based on 
a global load factor of 2.29, not 4.00 as would seem on intuitive bases. 

It would be desirable for the authors to present in their closing discus- 
sion a set of rationally derived load factors. Data are available in litera- 
ture for estimating the probability distributions of loads and strength of 
concrete and reinforcement. 


A second objectionable recommendation is found under the heading of 
concentrically loaded short columns. ‘However, all members, subject to 
axial loads should be designed for a minimum eccentricity.” 


It does seem reasonable to adopt a minimum eccentricity, although it seems 
preferable to specify an additional eccentricity, to be added to all nominal 
load eccentricities. But there is little basis for making this variable pro- 
portional to the depth of the column section. A realistic approach would re- 
quire making it proportional to the unsupported length ZL or, rather, to the 
distance between points of contraflexure. Moreover, several inconsistencies 
are introduced if, as proposed in the paper, a reduction in the capacity of 


tied columns is specified indirectly by increasing the minimum eccentricity. 
For example, the reduction due to slenderness is made the same for spirally 
reinforced as for tied columns, whereas it is well known that the former lose 
their advantage over the latter in very slender members. Also, in tension 


failures, tied and spirally reinforced columns are equally advantageous, where- 
as in compression failures spiral reinforcement is far superior to ties. But 
any constant minimum e’/t cannot coincide with the eccentricity which marks 
the transition from tension to compression reinforcement in all cases, as is 
evident from the design charts. Clearly then, the recommendation of minimum 
eccentricities proportional to the column depth is neither representative of 
the true statistical variation of e’ nor does it result in a realistic differentiation 
between tied and spirally reinforced columns. 

The writer would propose, instead, the consideration of an additional ec- 
centricity, say.e’ = L’/100 (L’ = distance between points of contraflexure), 


*A, M, Freudenthal, loc. cit. 
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equal for all types of columns, and a 20 percent reduction in the capacity o! 
tied columns governed by compression failures. 

Finally, there is little reason to persevere in the use of a linear reduction 
formula for slender columns, such as Eq. 16. The DIN code gives a table ot 
reduction factors to which the following expression fits exactly, 


and L’ may be made equal to the distance between points of contraflexure. 
This formula is in much better agreement with available test results on tied 
columns than any straight-line relation. For spirally reinforced columns a 
more drastic reduction is indicated, beginning at about L’/d = 10. The ex- 
pression can easily be refined to include variations in p and f,’. 


By HERBERT A. SAWYER, JR.* 


The reasons which make ultimate strength design methods valuable and 
almost indispensable to the designer are clearly stated in the first portion of 
the report. However, it might be added that the elastic theory will retain 
its usefulness for those designs in which appreciable permanent set or failure 
from repeated loads must be avoided. 

A question might be raised as to the universality of the load factors pro- 
posed in the report. Unlike Committee 318’s “Building Code,” this report is 
not restricted to buildings; it specifically mentions bridges and presumably 
applies to other types of reinforced concrete structures as well. Comparison 
of the present standard specifications for bridges, AASHO and AREA, with 
the present standard specifications for buildings, ACI and AISC, shows that 
allowable stresses for concrete or steel are about 10 percent less for bridges 
than for buildings. This differential is justified because of fatigue, exposure to 
weathering and corrosion, and expected future increase in magnitude of loads, 
all of which are more severe for bridges. Possibly this differential should 
also appear in the load factors for bridges and buildings. Also, a structure 
such as a water tank, which is almost impossible to overload and the failure 
of which involves no loss in life, could have a very low load factor for live load. 

A distinction may be made between what may be termed ultimate strength 
formulas for design and behavior formulas for research. The former tend 
to be empirical, and they need make no pretense of describing pre-ultimate be- 
havior, or even of evaluating strength for experimental structures or materials. 
The latter tend to be more rational, and they are essential for the correlation 
of test results, the evaluation of design methods, and the understanding of 
behavior. However, they are usually unsuitable for design, not only because 
they purposely neglect many practical design factors, but because they in- 
clude factors insignificant for design and detrimental to the clarity of the 
“picture” which the good designer must have. For example, a value of ulti- 


*Associate Professor of Civil Engineering, University of Connecticut, Storrs, Conn. 
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mate concrete strain of 0.003 may be useful for a research formula for lab- 
oratory tests of the usual duration. Yet, for the duration of loads on actual 
structures, the ultimate strain may vary from half this value to twice this 
value.* Hence, the use of this value in the derivation of a design formula 
may create an unnecessary and even misleading complication. 

Of the four assumptions listed in the report, only the third is necessary 
for ultimate strength design relationships; with the observance of this condi- 
tion the first and second assumptions become superfluous, and the fourth 
becomes conflicting since it must be violated if a trapezoidal or triangular 
stress distribution is used to obtain Eq. (2). Actually, the formulas of the 
report do not depend on assumptions 1, 2, or 4; instead, the committee wisely 
justified them on the basis of the mass of experimental evidence tabulated 
in the complete report. 


The reason for the differing values of minimum design eccentricities for 
spiral and tied columns is not clear to the writer, unless this difference is an 
oblique recognition of the difference in strength between a spiral and a tied 
column. However, in the report this differential disappears for eccentricities 
above 0.10 of the “column depth” (this term should perhaps be defined). 
It would seem reasonable from the standpoint of the strength differential, 
column theory, and design continuity to add the specified minimum eccentrici- 
ties to all measured eccentricities instead of only to those less than a certain 
fraction of the depth. 


For such a comprehensive report, these suggestions are minor. The de- 
signer is in great need of ultimate strength methods, and this report goes far 
toward providing him with such methods. 


By C. P. SIESS and R. K. L. WENT 


Since Eq. (6) for the maximum load capacity of concentrically-loaded 
short columns is identical with the ultimate strength equationt which was 
used as a basis for the design formulas in the ACI Building Code (ACI 318-56), 
it is of interest to compare the factors of safety for concentrically-loaded 
short columns as provided by the ACI Code and by the recommendations for 
design in this report. 


For both cases, the ultimate strength of a short concentrically-loaded column 
will be taken as 


= 0.85 f.’ (A, — 


This represents the ultimate load capacity of tied columns and the yield load 


capacity of spiral columns. 


*Sawyer, H. A., Stephens, J. 8., and Alling, E. “Behavior of Under-Reinforced Concrete Beams Under Long- 
Term Loads,’ ” Bulletin No. 12, U hiversity of Connecticut E xperiment Station, Sept. 1956, Storrs, Conn 

tResearch Professor of C ivil Engineering and Research Assistant in Civil Engineering, respectively, University 
of Illinois, Urbana, Ill. 

tReinforced Concrete Column Investigation: Tentative Final Report of Committee 105,"" ACI JournaL 
Feb. 1933, Proc. V. 29, pp. 275-282. 
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In the 1956 ACI Code, the allowable load for spiral columns is 


Pa = 0.225 f.’ Ag + Au fi 


And for tied columns, 


P, = 0.80 (0.225 f.’ Ap + Au fe) 
Where f, = 0.40 f, 
The factor of safety is 


For spiral columns 


i 0.85 f.' Ag (1 — p) + pAgh 
~ 0.225 f-’ A, + pA, 0.40 f, 





FS. 


0.85 (1 — p) +4 
"0.225 + 0.40 q 





F.S 


Where 
= A,/A, 
and 
q = Phi/fe’ 
The factor of safety for tied columns is equal to that for spiral columns 


divided by 0.80, or 


_ 0.85 (1 — p) +q 


F.S. = 
0.18 + 0.32 q 





Since the effect of variations in the term (1 — p) is small, this term has 
been assigned average values of 0.975 for tied columns and 0.955 for spiral 
columns. This approximation has been used only for the purpose of simpli- 
fying the calculations and graphical representations and, of course, does not 
apply to values of p substituted into the quantity gq. 


With the average values of (1 — p) as indicated above, the expressions for 
factor of safety according to the 1956 ACI Code are as follows: For tied 
columns: 


0.83 + q 
0.18 + 0.32 ¢ 


For spiral columns: 


0.81 + q 
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Fig. A—Factors of safety for concentrically loaded short rectangular tied columns 


Values of factors of safety from these equations are plotted in Fig. A and B 
as a function of g for comparison with those obtained by the procedures 
recommended for ultimate strength design. 


For ultimate strength design, the capacity of a concentrically-loaded short 
rectangular tied column is given by Eq. (13) of the report, with an eccentricity 
measured from the centroidal axis of e’/t= 0.10. With this substitution, 
and with A,’ = 1/2A,, bt = A,, and A, = p Ag, Eq. (13) may be written as 


p Ag fy _ Ag fe’ 
- + 


0.2% 


fhe 
—— +1 —+ 1.18 
qa * 0.37 + 





(d) 


for symmetrically reinforced members. 
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Fig. B—Factors gf safety for concentrically loaded short circular spiral columns 


For the ratio of basic load (dead load) to live load, B/L, greater than 0.5, 
expression (II) for the load factor governs, and the working load P, for B + L 
becomes one-half the ultimate load P, as given above. That is, 

pas 
2 
However, the actual load capacity is P. as given by Eq. (a), and the over-all 
factor of safety is P./ Pa, or 


FS. _ Po _ 2P. _ 2[0.85 fe’ A, (1 = p) + p A, f,| 
i + a. a 
o-—< d? d 








ULTIMATE STRENGTH DESIGN 


This equation can be reduced to 


—L* & 
d y 
Ast 
d la 2 
; — O08 0.3 + 0 is(£) 


In Eq. (e), the factor of safety is a function of the ratios g and d/t. The 
latter depends on the arrangement of the reinforcement and enters because 
the eecentric-load expression is used as a basis for design. 

For circular spiral columns, Eq. (14) of the report applies with an eccen- 
tricity of e’/D = 0.05. The resulting expression for factor of safety is: 


Factors of safety from Eq. (e) and (f), with values of (1 — p) equal to 
0.975 and 0.955, respectively, as before, are plotted in Fig. A and B for com- 


parison with the factors of safety resulting from design by the present code. 

From Fig. A for tied columns and Fig. B for spiral columns, a comparison 
of factors of safety for designs by the present code and by the proposed ulti- 
mate strength procedure indicates three principal differences. 


(1) The use of ultimate strength design results in a significant decrease in over-all 
factor of safety. 

(2) With ultimate strength design, the present difference between factors of safety 
for tied and spiral columns, based on their relative toughness, is greatly reduced. 

(3) With ultimate strength design, there is no variation in factor of safety as a func- 
tion of the relative proportions of the load carried by or assigned to the concrete and the 
reinforcement. This characteristic of the present code results from the fact that 
some recognition is given to the tendency for high steel stresses due to time yield and 
shrinkage when the steel percentage is low, . . . ’’* 

In view of the relatively large and significant differences in factors of safety 
shown in Fig. A and B for short concentrically-loaded columns, and in view 
of the fact that both methods of design have been based on exactly the same 
expression for ultimate strength, further discussion of the basis for choosing 
the values and procedures recommended in the report would be welcome. 


By BRUNO THURLIMANNt 


The discusser would like to express his appreciation to Committee 327 for 
their progressive attitude in putting forward this report. He wholeheartedly 
supports their philosophy of designing for ultiniate strength. The approach 


*Tbid. 


+Research Associate Professor, Fritz Engineering Laboratory, Lehigh University, Bethlel 
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to the problem of safety is a great step forward by introducing a differentia 
tion between the various loading effects. 

However, there are a few points on which critical attention may be focused 

1. The name Ultimate Strength Design is misleading. At different places 
in the report it is stated that it “‘indicates a method of design based on th« 
ultimate strength of a reinforced concrete cross section* in either simple bend- 
ing, combined bending and axial load, shear or bond, on the basis of inelasti: 
action.” 

Concerning statically indeterminate structures, the committee recognizes 
that “the maximum load capacity of a structure may be considerably greater 
than that indicated by the capacity at one section because of redistribution.”’ 
Therefore the proposed design procedure does not allow the determination 
of the ultimate strength of a statically indeterminate structure. It is for this 
reason that the discusser believes the name is not only misleading, but even 
presumptious. What should one call, in the future, a method that will take 
redistribution of moments into account and hence lead to the ultimate strength 
of the structure and not only to the ultimate bending resistance of one single 
cross section? For instance, the fracture-line theory of concrete slabs—pro- 
vided they are considerably underreinforced—is such a theory where “‘yield 
hinges’”’ are formed and the bending moments readjusted. In steel design 
Plastic Analysis is based on this redistribution and hence leads to the ultimate 
strength of a structure. 

The issue may be settled by a clear, generally acceptable definition of ulti- 
mate load, ultimate strength, ultimate moment, ultimate bending resistance. 

In the discusser’s opinion, the maximum load which can be carried by a 
structure is the ultimate load. The ultimate strength of the structure is its 
ability to carry this ultimate load. Ultimate load-carrying capacity would be 
a synonymous expression for ultimate strength. With reference to a particular 
cross section, the ultimate bending resistance is the maximum resistance the 
section offers to bending. The correspondingly applied moment is called 
the ultimate moment. In terms of these definitions, the recommendation 
covers only the determination of the ultimate bending resistance. 

2. No recommendations regarding the ultimate strength of reinforced 
concrete members in shear and bond are made. It is supposed that in such 
cases the present ACI Code (ACI 318-56) still applies. In actual design, then, 
the situation becomes rather complicated. The moments and normal forces 
are determined by elastic methods, using loads stepped up by the appro- 
priate “load factors’ given in the present recommendation. The shearing 
forces, however, are determined by conventional analysis, using the design 
loads as such. At an interior support of a continuous beam for example, 
the design for bending will be done on an “ultimate basis,” the design for 
shear on an allowable stress basis. Such a procedure appears to the discusser 
unsatisfactory to say the least. If shear and bond cannot yet be treated on 
an ultimate basis, the application of such a philosophy to design problems 


*Italics by the discusser. 
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covering bending and combined bending and axial load only appears to be 
premature. 

3. Under the heading Load Factors, it is indicated that ‘‘(2) the strains 
under working loads should not be so large as to cause excessive cracking.” 
It is generally known that the number and width of cracks not only depend 
on the magnitude of the nominally computed strains, but also on the dis- 
tribution of the reinforcement. The bond formula (ACI 318-56), section 901, 
Eq. (6), may not have been the best provision against excessive crack width. 
However, it forced the designer to distribute the reinforcement at least to a 
certain extent. The present paper does not make any mention of the minimum 
distribution of reinforcement, such that excessive cracking will be avoided. 

4. The paper does not consider cases of unsymmetrical bending, e.g., bend- 
ing about both axes of a rectangular cross section, nor eccentric compression 
with double eccentricity. Such cases are rather common in building design, 
e.g., corner columns. It is well known that even in ordinary concrete design 
superposition results in an underestimation of the concrete stress. 

In closing, the discusser would like to point out once more that he fully 
supports the philosophy of design on an ultimate strength basis. He holds 
that the title of the recommendation is misleading, as it treats only the 
ultimate resistance of a cross section to bending and combined bending and 


— 


axial load. It does not allow the computation of the ultimate strength of a 


structure (except of simple beams and columns). As shear and bond are not 
yet incorporated on an ultimate basis, application of the present recommen- 
dation to actual design problems leads to the rather confusing situation that 
at one and the same section “ultimate strength” and “allowable stress’’ con- 
siderations are applied. The writer hopes that the research work on shear 
and bond will be accelerated such that an integrated theory based on the in- 
elastic behavior of the materials can be presented in the near future. 


COMMITTEE CLOSURE 


The committee is deeply appreciative of the enthusiasm expressed by the 
various discussers regarding ultimate strength design procedure, and of the 
opportunity afforded by the discussion to disclose in greater detail the moti- 
vation and reasoning which led to many of the recommendations made. 

In his discussion, Professor Siess ably brings out the variable factor of 
safety inherent in the present method of designing columns. If his discussion 
had been pursued further to the case of eccentrically loaded columns it would 
be seen that this variation in the factor of safety is even more marked for 
the case of combined bending and axial load, ranging from an extravagantly 
high value of 4 to in some cases less than 2. Contrasted to this, the ultimate 
strength procedure makes possible a more uniform and consistent over-all 
factor of safety for all conditions of eccentricity. This is desirable since ex- 
cessive strength in one part of a structure serves no useful purpose except 
where such excess in strength is needed for satisfactory performance at service 
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loads or due to variability in the various factors involved. If it is assumed 
that throughout any structure uncertainties regarding design, construction, 
and materials do not vary, then differences between the factor of safety for 
columns and beams can only be justified on the basis of differences in their 
respective performance at design loads. There is no evidence that the over- 
load factors recommended in the report will lead to any such difference. This 
is not only borne out by sustained load tests but by actual practice. Russian 
standards between 1942 and 1955 recommend use of an overload factor varying 
from 1.8 when the ratio of live load to dead load is less than 0.5, to 2.2 when 
the ratio of live load to dead load is more than 2.0. The Russian standards 
of 1955 recommend factors substantially below those of 1942. The 1955 
code uses 1.1 for dead loads and 1.2 to 1.4 for live loads. Thus, the recom- 
mended value of the over-all factor of 2.0 has precedence. 

In addition to studying practice abroad where ultimate strength design 
is used, the committee made a thorough study of the tentative final report of 
the Reinforced Concrete Column Investigation released by ACI Committee 
105 some 25 years ago in the February 1933 ACI JourNat and reviewed the 
results of the tests as reported in the various progress reports. The recom- 
mendations in that report which served as a basis for these many years for 
the current ACI column formulas advocated a variable factor for spiral columns 
from 3 to 2.5 because the majority of their sustained load tests were limited 
to column service loads ranging from one-third to one-fourth of the test 
cylinder strength. The magnitude of the service loads was for the most part 
based on allowable loads permitted by the then existing New York City and 
ACI Codes. These tests in no way established the maximum ratio of service 
load to ultimate load which could be sustained indefinitely without impairing 
the serviceability of the structure. No tests were made for that purpose, 
although a few columns were tested at high overloads to determine the maxi- 
mum sustained load which could be carried. The final report states ‘Loads 
of 80 to 90 percent of the ultimate, causing longitudinal strains several times 
the yield point strain of the vertical steel, have been held for periods of one 
to two years. Such columns show extensive spalling and gradual shortening 
but are still carrying the load.”’ The ability of columns to withstand indefi- 
nitely concentric loads considerably in excess of the service loads given by 
the recommended load factors, should assure satisfactory behavior for the 
ease of concentrically loaded columns. 

To satisfy itself beyond any reasonable doubt, the committee initiated a 
series of sustained load tests on eccentrically loaded columns because of the 
lack of data for this condition which is apt to be more critical than that for 
concentrically loaded columns. This series of tests involved 45 colunms and 
is reported in the March 1956 ACI JourNaAt paper ‘‘Sustained Load Strength 
of Eecentrically Loaded Short Reinforced Concrete Columns” by I. M. Viest, 
R. C. Elstner, and E. Hognestad. The results of these tests agreed quite 
closely with the earlier findings on concentrically loaded columns in that the 
maximum sustained loads were equal to 82-95 percent of the short time load. 
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load test after the shell spalls, a second maximum load occurs due to the con- 
straining action of the spiral. For eccentrically leaded columns no second 
maximum occurs. As a matter of fact, the load-carrying capacity of an 
eccentrically loaded member is generally impaired by the large deflections 
present in the spiral range. 


In his discussion, Mr. Rosenblueth presents strong and valid arguments 
for further subdivision of the overload factors. In presenting the selected 
overload factor combinations, it was recognized that these represent a sim- 
plification of the many variables underlying the value of the load factors. 
Ideally, the overload factors given in Eq. (I) and (II) should be expressed 
as a function of the type of structure, type of load, quality of material, care 
in design, and the other variables which control the degree of safety required. 
From a practical point of view, the inclusion of so many factors, and the 
complex mathematics expressing the interrelationship, is a refinement suit- 
able for future developments. In this respect, it is the conviction of the 
committee that one of the intangible benefits of the ultimate strength pro- 
cedure is that as use of the method grows, future developments will lead to 
the use of overload factors specifically appropriate for each particular design. 
By such means, each project can be designed with the greatest economy. 


At present, it was felt desirable to keep Eq. (I) and (II) as simple as possible. 
The load factors selected were based on actual designs of multistory buildings. 


The committee recommended load factors which would give dimensions not 
too different from those obtained with prevailing methods. 

On the subject of overload factors the ASCE has a committee on ‘Factors 
of Safety.”” The question of probability and load factors will unquestionably 
be covered more extensively by this committee. 

The recommendation that all columns be designed for a minimum eccen- 
tricity is not based on a probable increase in eccentricity due to deflection of a 
member. As a matter of fact, except in very rare cases, the controlling mo- 
ment-thrust occurs at the junction of columns and beams, with the moment 
radically reduced at the point of maximum deflection. For this reason, to 
devaluate the formulas for combined bending and axial load by imposing an 
additional eccentricity based on the length of the member, is not justified. 

The recommendation for minimum eccentricity was based on the fact that 
in actual structures it is quite improbable that any member will ever be con- 
centrically loaded. Hence, this provision allows for some bending not an- 
ticipated or ignored. As pointed out previously, the greater toughness of 
concentrically loaded spirals justifies the recommendations of a smaller eccen- 
tricity for this type of column. 

The formula presented by Mr. Rosenblueth patterned after the reduction 
factors recommended by the DIN Code without a doubt agrees more closely 
with the results of tests on slender columns and with a more rigorous analysis 
of the buckling strength of columns than does the linear relationship given by 
Eq. (16). In studying the carrying capacity of slender columns, it was recog- 





ULTIMATE STRENGTH DESIGN 1351 


nized that the reduction formula used in conventional design was overly 
conservative. The committee did not feel that it wished to depart too greatly 
from the procedure now in practice, but merely altered the coefficients to be 
somewhat more consistent with test values. The values given by Eq. (16) 
are more conservative than the values obtained by the DIN Code and that 
permitted by the Czechoslovakian specifications CSN 1090-1948 supplement. 
They do coincide with the values in the tentative Standards now under con- 
sideration by the British Standards Institution Council for Codes of Practice. 
A doctoral thesis completed at the University of Illinois after the committee’s 
report was published has improved knowledge regarding the strength of 
of slender columns considerably. This thesis may lead to future improvements 
of Eq. (16). 

Professor Thirlimann takes issue with the term “ultimate strength design”’ 
stating that it does not cover the case of ultimate strength of statically inde- 
terminate structures. There is no doubt that there exists considerable con- 
fusion regarding the terminology applied to the new concepts dealing with 
inelastic action. To improve this unfortunate though unavoidable situation, 
the committee purposely defined in its introduction, with as much clarity 
as possible, the term “‘Ultimate Strength Design.” By this definition, the 
term is applicable to any type of structure, simple or continuous. The ulti- 
mate strength of a section is the same regardless of where it occurs. The 
term was adopted after much deliberation and because it represented the most 
popular and descriptive designation in use to describe the inelastic action 
at a section. 

With regard to the ultimate strength of a structure, the term ‘“‘limit de- 
sign’? has become closely associated with the redistribution of moments oc- 
curring in indeterminate structures due to the formation of plastic hinges. 
As to whether this designation will be the final terminology adopted to de- 
scribe designs on this basis, is beyond the scope of this committee. The final 


acceptance of any new terminology depends on its acceptance by the pro- 


fession. 

The omission of definite recommendations on shear and bond was due to 
the fact that this committee did not desire to usurp the prerogative of the 
Joint Committee on Shear and Diagonal Tension, and of the Committee on 
Bond. In the meantime, the use of the allowable shears and bond recom- 
mended for conventional design can be made without any difficulty. For 
ffexural computation, the effect of the loads is multiplied by the appropriate 
load factor. For shear and bond computations, the effect of the loads is 
multiplied by one and this value is equaled to the allowable stresses. If this 
should prove to be too confusing, one can circumvent this dual system of 
load factors by multiplying the allowable shear and bond stresses permitted 
in the ACI Code by the overload factors applied to flexure. 

Under general requirements, it is stated that provisions in “The Building 
Code Requirements for Reinforced Concrete’? by the American Concrete 
Institute, apply to the design of members by ultimate strength design except 
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where otherwise provided in this report. Hence, in ultimate strength design, 
Sections 709(d) and Eq. (6) in Section 901 apply. 

The very brief discussion under the heading ‘‘Load Factors’ was aimed 
at directing the attention of the engineers to the fact that in any design there 
are two criteria which must be met. The first of these is safety against any 
increase in loads. Since the dead load is a fixed determinate quantity un- 
changing throughout the life of the structure, any increase in load on the 
structure must be due to increase in live load. Eq. (I) provides the required 
safety for this condition, by applying an overload factor of 2.4 to the live load. 
Because an overload factor of 1.2 is also applied to dead load, this means 
that in any members at least 2.4 times the live load can be carried safely. 

The second criterion is satisfactory performance at design loads. This is 
implied in the statement that strains should not be so large as to cause ex- 
cessive cracking. If only Eq. (1) were used, for very light live loads, the steel 
stresses would become very large and approach as a limit 83 percent of the 
yield point stress. Such large stresses may at times lead to excessive crack- 
ing. This is prevented by the alternate series of overload factors given in 
Eq. (11) combined with the maximum yield point of 60,000 psi. When the 
effects on cracking of other variables than steel stress, such as percentage 
of reinforcement and shape of cross section, become understood in detail, 
it may in the future be possible to control cracking more directly by design- 
ing for maximum permissible crack width. 

With regard to unsymmetrical bending, the report could not hope to cover 
in detail all design situations. The basic principles shown for bending are 
applicable to unsymmetrical bending. An excellent article by Hermann 
Craemer, “Skew Bending in Concrete Computed by Plasticity,” ACI JourNat, 
Feb. 1952, p. 516, shows that a solution for this problem is much easier by 
ultimate theory than by the elastic theory. 

Professor Chinn’s inquiry as to the basis of the limitation of p = 0.40 
f./f, brings up a point that is generally overlooked. All of the various pro- 
cedures and formulas for ultimate strength design agree remarkably well as 
long as the strength is controlled by tension. They differ mainly in the 
value of balanced reinforcement as obtained by the various procedures. The 
variation in the predicted values of balanced reinforcement is shown for a 
few assumptions in Table 5A of the complete report presented in ASCE 
Separate Paper No. 809. This table indicates that the value of p, (per- 
centage of balanced reinforcement) even for a specified stress block distribu- 
tion is a function of the assumed ultimate strain and the value of the modulus 
of elasticity. 

The maximum value of p, recommended is less than that obtained accord- 
ing to the three major stress block assumptions with the exception of two 
values computed according to the parabolic distribution for f.’ = 3000 and 
4000 psi with fj; = 60,000 psi, and with an assumed ultimate strain of 0.003. 
Since this ultimate strain is conservative for 3000- and 4000-lb concrete, 
these values were ignored. The allowable maximum p, is 87 percent of the 
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average of the values computed on the basis of various assumptions, and for 
this reason it is pointed out that this value is about 0.9 of that required 
to develop the full compressive strength. 

As correctly stated by Professor Chinn, Eq. (26) in the paper ‘Concrete 
Stress Distribution in Ultimate Strength Design,” by Eivind Hognestad, 
M. W. Hanson, and Douglas McHenry, indicates that ¢ = 0.40 could be as 
high as 93 percent of balanced reinforcement for f.’ = 5000 and f, = 60,000 
psi with the recommended values of ew and k,k;. Since both of these are 
slightly conservative, the value of g = 0.40 is considered satisfactory. 

The proposal by Professor Chinn that when f, exceeds 60,000 that the 
actual f, should be used to compute the maximum ratio of reinforcement will 
assure that the section will be controlled by tension. The desirability of this 
under all conditions is debatable. Throughout a structure the strength of 
some members such as columns will be controlled by compression. As long 
as all members whose strength is controlled by compression have the same 
load capacity, there is no justification for artificially making tension control 
the strength of a section. The 10 percent discount in the value of g increases 
the overload factor from 1.8 to 1.8 x 1.1 =2.0. 

The recommendations made on the requirements for concrete strengths 
were based on the report of ACI Committee 214, ‘Evaluation of Compression 
Test Results of Field Concrete,” referred to by Mr. Cordon. The report on 
ultimate strength design purposely omitted any reference to required average 
strength f.,, since this value is principally a guide to achieve the required 
strength requirements. As such it does not belong in the specification on 
design although knowledge of the value of the average concrete strength 
which must be attained to satisfy the rigid requirement is useful to the con- 
crete maker. The requirement that the average of any three consecutive 
tests be not less than the assumed design strength was substituted for the 
requirement recommended in the report by Committee 214 that the average 
of any five should be equal to or greater than the required concrete strength. 
The designing engineer is primarily interested in the relationship between the 
strength assumed in his design and that obtained in the field. For this reason 
the former requirement has more meaning to him. It is recognized that the 
second requirement is quite restrictive, but this will give designers an assur- 
ance of adequate concrete strength. 

Assumptions 1, 2, and 4, deemed unnecessary by Professor Sawyer, are 
fundamental to the basic relationships involved in ultimate strength design. 
It is true in regard to assumption 1, that when tension controls, ultimate 
strength formulas such as Eq. (2) can be derived from a consideration of the 
equilibrium of forces at a section based on an assumed stress block or on ex- 
perimentally derived constants. If experimentally derived constants are 
employed, no stress-strain relationship is involved directly. If, however, a 
stress block is used, a relationship between stress and strain is implied. In 
both cases, however, the value of balanced reinforcement is very definitely 
related to the maximum concrete strains and the variation of strains along a 
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section. To determine or predict this value of balanced reinforcement with- 
out direct determination from test, a strain distribution must be assumed 
Innumerable tests have shown that the assumption made in the report is 
valid even when the ultimate strength is approached. 

With regard to the second assumption, tests have repeatedly shown that 
the tensile strength of the concrete must be discounted in formulas which 
predict the ultimate strength of a section. Hence it is one of the fundamenta! 
design assumptions. 

The fourth assumption is involved in all of the equations on ultimate 
strength from the case of pure bending to combined bending and axial load 
This is evident in Eq. (1), (7a), (7b), (10), (11), and (15). Assuming that the 
maximum fiber stress is 0.85 f.’ permits the use of one set of formulas, Eq. 
(7a) and (7b), which give computed values agreeing well with test results for 
the entire range from pure bending to concentric loading. 

The discussion of P. W. Abeles is a welcomed addition to the data presented. 
It is particularly satisfying to be informed that values higher than those 
computed according to the report have been obtained in tests abroad. 

The reduction in g, that is in the value of the maximum permissible ratio 
of reinforcement specified for values of f.’ in excess of 5,000 psi, as reaffirmed 
by Abeles, is due to the loss in inelastic action in the higher strength con- 
cretes. It is questionable that using the lowest value of cylinder strengths 
to determine the maximum p is valid. The general expression |Eq. (22)| 
for p. (balanced reinforcement) reveals that it is dependent on the average 
stress in the compressive zone and the ultimate concrete strain. The recent 
tests reported in the article “Concrete Stress Distribution in Ultimate Strength 
Design,”’ have shown unmistakenly that both of these factors decrease with 
an increase in concrete strength. Hence, logically the value of p should be 
related to these factors, and not be made dependent on the variability in 
concrete strength as inferred if p, depends on the lowest cylinder strength. 

Interesting and provocative comments on the “Report of the ASCE- 
ACI Joint Committee on Ultimate Strength Design’ have appeared in several 
ASCE Separates.* For ready reference, the discussers and Separates are 
tabulated below. 


Discusser Separate No. Page No. 
Jack R. Benjamin 878 878-17 
Ignacio Martin 924 924-31 
Associac4éo Brasileira 

de Cimento Portland 924 924-33 
Harold G. Lorsch 924 924-34 
Louis A. North 924 924-35 
Carl F. Long 924 924-37 
P. W. Abeles 972 972-23 
L. J. Mensch 972 972-31 


*Proceedings, ASCE, V. 82, Journal of the Structural Division, ST 1, 2, 3, Jan., Mar., May, 1956. 





Disc. 52-31 


Discussion of a paper by Robert J. Shultz and Robert B. Fatherson: 


Design and Construction of Heavy-Duty Airfield 
Pavements at Edwards Air Force Base* 


By WAYNE R. WOOLLEY and AUTHORS 


By WAYNE R. WOOLLEYt 


In designing an airport pavement capable of carrying 500,000-lb airplanes, 
the authors faced a difficult job. Apparently, their solution was based largely 
on theoretical considerations. I am sure they did a better job of interpreting 
theory than I could have done. However, in the design of concrete pave- 
ments for highways (pavements having a maximum thickness of 10 in.) it 
can be demonstrated that theoretical considerations are unreliable unless they 
have been proved to be correct by the action of pavements under traffic. 
Many highway engineers will agree that the design of concrete pavements 
should be based largely on a knowledge of what has happened to pavements 
of various designs that have been in use for a number of years and that the 
proper use of theoretical considerations is to explain what is known to happen 
under service conditions. The design selected by the authors raises several 
questions for which theoretical solutions do not provide a satisfactory answer. 

Longitudinal joints, 25 ft apart, would seem to be a weak point in the 
design. The authors calculate that a slab 25 ft square might expand during 
hot weather by }¢ in. each direction. Slabs might also contract by the same 
amount during cold weather. A keyed longitudinal joint, open 1/8 in., would 
be expected to provide a negligible amount of load transfer. On highways, 
such joints are normally tied together with tie bars or hook bolts to insure 
transfer of loads from one slab to the other. Would not this be desirable 
for airports? 

A concrete slab, 25 ft square and 17 to 19 in. thick, would certainly develop 
quite large warping stresses due to temperature differential between the top 
and bottom of the pavement. It would appear probable that frequent appli- 
cation of heavy wheel loads, added to rather large warping stresses, would 
eventually result in cracking the slabs. As the slabs are square, it would be 
reasonable to expect cracks both transversely and longitudinally. Experience 
on highways subjected to heavy truck traffic has demonstrated that un- 
supported cracks and joints sooner or later become so rough as to require 
__ *ACI Journat, Jan. 1956, Proc. V. 52, p. 525. Dise. 52-31 is a part of copyrighted Jot p THE AMERICAN 


Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52 
tHighway Research Engineer, Truscon Steel Division, Republic Steel Corp. 


1355 





1356 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 195 


replacement. Differences in elevation at unsupported cracks and joints . 
1/2 to 1 in. are not unusual even where the pavements rest on good subgrades 
Will not the same condition develop on airport pavements? 

I realize that the Corps of Engineers has built and tested experimenta 
pavements and also has done excellent work with model studies. Ver) 
likely the authors are much better informed on the results of these tests tha: 
I am. However, in a report of model studies at the Lockbourne Air Force 
Base, it was reported that keyed construction joints sustained extensiv: 
damage due to traffic loading. Extensive damage to such joints would be 
expected to cause cracking in the slab some distance from the joints. 

The Corps of Engineers has been constructing rather thick, unreinforced 
concrete pavements for airports for a sufficiently long time so that a report 
on the performance of these pavements under the action of considerable 
numbers of heavy loads would be of some value. Perhaps not enough repeti- 
tions of heavy loads have occurred to permit conclusions to be drawn. Never- 
theless, I am convinced that until performance records are available, based 
on 5 to 10 years of heavy-duty service, the authors statement that ‘The re- 
sult is an airfield with pavements capable of supporting the heaviest airplane 
now planned,” is on the optimistic side. Undoubtedly, the pavement will 
support the heaviest airplane now, but how many such planes and for how 
many years can only be answered by experience. Experience with highway 
pavements make it seem probable that keyed joints and unsupported cracks 
will result in a short life if the pavements are subjected to many repetitions 
of heavy loads. 


AUTHORS’ CLOSURE 


Mr. Woolley has perhaps overlooked the basic assumption regarding 
the placement of aircraft wheels for design purposes. This is that the pave- 
ment thickness is determined from formulas which are based on the assump- 
tion that the loads are placed at or near a free edge of the slab. Modifying 
factors that attempt to evaluate the effect of the loss of load transfer at joints 
and of temperature changes on slab stresses are applied against the results 
obtained from the ‘‘edge loading” formulas. Experience in this area with the 
heavier slabs since 1945 indicates that apparently for the load and tempera- 
ture conditions encountered to date, the problem of loss of load transfer in 
the key through slab opening is not too critical. 


Elimination of the expansion joint is considered to be a primary require- 
ment if the keyed joint is to operate at maximum efficiency as a load transfer 
device. 


It is the authors’ opinion, based on experience and a study of the results 
obtained from the several test track traffic programs conducted by the Corps 
of Engineers, that a doweled construction joint is superior to a keyed con- 
struction joint. Longitudinal construction joints at Edwards Air Force Base 
which will be subjected to the highest traffic intensities and loads are of the 
doweled type. 
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Analysis of data from the concrete test truck at Lockbourne Air Force 
Base has played a part in establishing changes in design criteria. Among 
these were a reduction in the size of longitudinal joint keys. This avoids a 
serious reduction of slab cross section at such joints, which resulted in failures 
of the type noted by Mr. Woolley. 

It is somewhat risky to make too close comparisons between heavy-duty 
road pavements and heavy-duty airfield pavements. Whereas the former 
may carry several thousand vehicles a day, only one or two hundred aircraft 
per day would be considered heavy aircraft traffic. Of these, particularly at 
a test base, use by the heaviest aircraft may amount to only one or two dozen 
operations per week. The repetition of stress so important in the design of 
highway pavements is therefore much less severe. The combination of theory 
and service results represented in the current design convinces the authors 
that Edwards Air Force Base pavements will indeed be suitable for the heaviest 
aircraft now planned. 

The authors appreciate Mr. Woolley’s interest in the paper and wish to 
thank him for his informative discussion. 











Disc. 52-32 


Discussion of a paper by David L. Narver, Jr.: 


Proportioning of Mixes for Steel Coarse Aggregate 
and Limonite and Magnetite Matrix 
Heavy Concretes™ 


By HAROLD S. DAVIS, BRUCE A. LAMBERTON, and AUTHOR 


By HAROLD S. DAVIST 


During a recent expansion at the Hanford Atomic Products Operation 
(HAPO), over 5500 cu yd of high-density concrete were placed successfully in 
various radiation shields. Beginning in 1950, an extensive development pro- 
gram{ was initiated for evaluating various methods for mixing and placing 
high-density concrete and for determining physical properties of concretes 
made with heavy aggregates such as steel, magnetite, and limonite. In several 
cases, our data and experience are not compatible with some of the items given 
in Mr. Narver’s paper. Thus, it is believed worthwhile to discuss these 
variances so that the profession may be aware of them. 


GENERAL FIELD CONDITIONS AND PLACEMENT METHODS 


Whereas one of several methods may be used to place high-density concrete, 
some methods are better than others depending upon local conditions. The 
méthod for placing high-density concrete should be carefully selected after 
considering such factors as type of aggregate, density and composition of mix, 
quantity of concrete required, available equipment, complexity of forms and 
placing conditions, costs, and experience of workmen. In general, when the 
mix does not contain pieces of steel as coarse aggregate, concrete can be 
mixed and placed successfully by conventional methods in which the heavy 
aggregates, cement, and water are mixed together and then placed in the 
forms. In general, the best of standard practice is adequate but definitely 
required to produce shielding concrete with the specified density and uni- 
formity. 


As pointed out by Mr. Narver, concrete made with steel and limonite or 
with steel and magnetite can also be placed successfully by conventional 
methods. However, this is not easy to accomplish due to the tendency for the 


*ACI Journal, Jan. 1956, Proc. V. 52, p. 537. Disc. 52-32 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete Institure, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 

tHanford Atomic Products Operation, General Electric Co., Richland, Wash. 

{Certain experimental data obtained during this program are presented in ‘Properties of High-Density Concrete 
Made With Iron Aggregate,” by H. 8S. Davis, F. L. Browne, and H. C. Witter, ACI Journat, Mar. 1956, Proc. 
V. 52, pp. 705-726. 
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steel aggregate to segregate from the matrix when it is too wet, or when 
vibrated too much. Also, if the matrix is too dry, the concrete can not be 
placed successfully in restricted areas, or around numerous embedded items. 
For this reason, it is recommended that conventional methods not be used for 
placing concrete containing coarse steel aggregate unless it can be shown that 
segregation is not critical and that concrete density and uniformity can be 
controlled within the limits defined in the design criteria. This may require 
that the concrete be batched in small quantities, as well as limit its use to 
placement in relatively open forms. (It is hoped that Mr. Narver will de- 
scribe, in detail, the procedures used in mixing and placing limonite matrix 
concrete and the degree to which segregation of the steel aggregate was pre- 
vented during construction.) 

A special method mentioned by Mr. Narver for placing high-density con- 
crete consists of “mixing and transporting the limonite-cement mortar sep- 
arately and adding steel aggregate to this mortar in the forms.” This pro- 
cedure has several advantages, depending upon job conditions, one of which 
is that the steel aggregate is not passed through the concrete mixer. However, 
adequate control measures are required to obtain the required density con- 
sistently throughout the wall. One of the main disadvantages of this “‘pud- 
dling’”’ method is that the pieces of steel aggregate cannot be moved horizontally 
to any great extent once they are lodged in the mortar. Thus, it is difficult 
to work pieces of steel aggregate beneath block-outs in the shield or around 
embedded items. 

The last method mentioned by Mr. Narver, namely an adaption of pressure 
grouting, has been used extensively at HAPO and elsewhere with complete 
satisfaction. Apparently this experience is contrary to that described by 
Mr. Narver when he said: “pressure grouting by injecting limonite-cement 
slurry into steel aggregate deposited in the form is no longer used.”” My ex- 
perience has demonstrated that this method (commonly referred to as the 
‘“‘prepacked method’’) is often the most satisfactory method for placing con- 
crete containing coarse steel aggregate in restricted areas and around closely 
spaced embedded items. The prepacked method gives reasonable assurance 
that segregation is minimized, that the concrete has the specified density 
and uniformity throughout the shield, and that no large void cavities exist 
in the shield. In some cases, placement conditions may demand utilization 
of the prepacked method to obtain a given objective; in other cases, its adop- 
tion may depend only on practical and economic considerations. On the other 
hand, it may prove more desirable to increase wall thicknesses on a particular 
design, and to eliminate the coarse steel aggregate in order to utilize a mix 
that can be placed conventionally, rather than use special methods for placing 
high-density concrete. 

On one job, the actual construction of a massive shielding wall preceded the 
arrival of heavy door and window frames. Block-outs were placed in the wall 
during the first placement to leave space for the doors and windows. After 
they arrived on the job, they were positioned in their respective positions in the 
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shielding wall. Next, the restricted spaces between the frames and the con- 
rete in the wall were dry-packed with a blended mixture of coarse aggregate 
‘onsisting of pieces of steel and magnetite. The voids in this preplaced aggre- 
gate were then filled with magnetite grout having a density of 170 lb per cu ft. 
Che resulting concrete had a density of 270 + 5 lb per cu ft. After the con- 
‘rete forms were removed no large cavities were present in the wall around the 
door or window frames and the wall required a minimum of surface treatment. 
This was gratifying since previous attempts to place high-density concrete 
beneath similar block-outs by conventional methods, had often left small 
‘windows” or cavities in the wall which had to be filled at a later date. The 
use of the prepacked method on this job made a difficult job routine and gave 
positive assurance that the quality of work would be satisfactory. 

Since much attention was given to obtaining maximum densities with the 
coneretes described by Mr. Narver, it is well to point out that the maximum 
density which can be obtained using a given amount of heavy aggregate will 
usually be greater for prepacked concrete than for conventionally placed con- 
crete. The difference may be 5 to 15 lb per cu ft for concrete weighing around 
275 lb per cu ft and several times this difference for concrete weighing in ex- 
cess of 325 lb per cuft. For example, Mr. Narver reported a maximum den- 
sity of 330 lb per cu ft for magnetite matrix concrete made with steel punch- 
ings. By prepacking well-graded steel aggregate and pumping it with mag- 
netite grout having a wet density of 170 lb per cu ft, it should be possible to 
obtain concrete having a density of 375 lb per cu ft. Greater densities can be 
obtained by using fine steel shot (SAE No. 110 blast cleaning shot) in the 
cement grout, or mortar, instead of limonite or magnetite. Pumpable grout 
weighing around 250 |b per cu ft has been used in small quantities at HAPO, 
but its general use in fabricating large shielding structures is not recommended. 

It is emphasized, however, that the prepacked method is not the only method 
for placing high-density concrete. Concrete made with magnetite, or with 
limonite and magnetite, has been placed successfully by means of conven- 
tional methods. In another case, a massive wall was constructed out of ordi- 
nary sand-cement mortar and steel scrap by the “‘puddling’” method. The 
method for placing high-density concrete should be carefully considered and 
adopted when it appears to be the best method available for a particular 
job. In general, standard concreting practices have proved adequate; how- 
ever, proper allowances must be made for the increased density of the con- 
crete being placed, and for minimizing segregation. As pointed out by Mr. 
Narver, the volume of the batch in the mixer must be reduced in order to 
not overload it, while the forms must be sturdier to confine concrete containing 
heavy aggregates. 


LIMONITE AND MAGNETITE MATRIX CONCRETE 


Mr. Narver does not explain why limonite is used in the concretes described 
in his paper. If concrete is to have maximum density, (the goal set forth 
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steel aggregate to segregate from the matrix when it is too wet, or whe 
vibrated too much. Also, if the matrix is too dry, the concrete can not bs 
placed successfully in restricted areas, or around numerous embedded items 
For this reason, it is recommended that conventional methods not be used for 
placing concrete containing coarse steel aggregate unless it can be shown that 
segregation is not critical and that concrete density and uniformity can be 
controlled within the limits defined in the design criteria. This may require 
that the concrete be batched in small quantities, as well as limit its use to 
placement in relatively open forms. (It is hoped that Mr. Narver will de- 
scribe, in detail, the procedures used in mixing and placing limonite matrix 
concrete and the degree to which segregation of the steel aggregate was pre- 
vented during construction. ) 

A special method mentioned by Mr. Narver for placing high-density con- 
crete consists of “‘mixing and transporting the limonite-cement mortar sep- 
arately and adding steel aggregate to this mortar in the forms.” This pro- 
cedure has several advantages, depending upon job conditions, one of which 
is that the steel aggregate is not passed through the concrete mixer. However, 
adequate control measures are required to obtain the required density con- 
sistently throughout the wall. One of the main disadvantages of this “pud- 
dling’”’ method is that the pieces of steel aggregate cannot be moved horizontally 
to any great extent once they are lodged in the mortar. Thus, it is difficult 
to work pieces of steel aggregate beneath block-outs in the shield or around 
embedded items. 

The last method mentioned by Mr. Narver, namely an adaption of pressure 
grouting, has been used extensively at HAPO and elsewhere with complete 
satisfaction. Apparently this experience is contrary to that- described by 
Mr. Narver when he said: “pressure grouting by injecting limonite-cement 
slurry into steel aggregate deposited in the form is no longer used.”’” My ex- 
perience has demonstrated that this method (commonly referred to as the 
“‘prepacked method’’) is often the most satisfactory method for placing con- 
crete containing coarse steel aggregate in restricted areas and around closely 
spaced embedded items. The prepacked method gives reasonable assurance 
that segregation is minimized, that the concrete has the specified density 
and uniformity throughout the shield, and that no large void cavities exist 
in the shield. In some cases, placement conditions may demand utilization 
of the prepacked method to obtain a given objective; in other cases, its adop- 
tion may depend only on practical and economic considerations. On the other 
hand, it may prove more desirable to increase wall thicknesses on a particular 
design, and to eliminate the coarse steel aggregate in order to utilize a mix 
that can be placed conventionally, rather than use special methods for placing 
high-density concrete. 

On one job, the actual construction of a massive shielding wall preceded the 
arrival of heavy door and window frames. Block-outs were placed in the wall 
during the first placement to leave space for the doors and windows. After 
they arrived on the job, they were positioned in their respective positions in the 
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shielding wall. Next, the restricted spaces between the frames and the con- 
‘rete in the wall were dry-packed with a blended mixture of coarse aggregate 
consisting of pieces of steel and magnetite. The voids in this preplaced aggre- 
gate were then filled with magnetite grout having a density of 170 lb per cu ft. 
The resulting concrete had a density of 270 + 5 lb per cu ft. After the con- 
crete forms were removed no large cavities were present in the wall around the 
door or window frames and the wall required a minimum of surface treatment. 
This was gratifying since previous attempts to place high-density concrete 
beneath similar block-outs by conventional methods, had often left small 
“windows” or cavities in the wall which had to be filled at a later date. The 
use of the prepacked method on this job made a difficult job routine and gave 
positive assurance that the quality of work would be satisfactory. 

Since much attention was given to obtaining maximum densities with the 
concretes described by Mr. Narver, it is well to point out that the maximum 
density which can be obtained using a given amount of heavy aggregate will 
usually be greater for prepacked concrete than for conventionally placed con- 
crete. The difference may be 5 to 15 lb per cu ft for concrete weighing around 
275 lb per cu ft and several times this difference for concrete weighing in ex- 
cess of 325 lb per cu ft. For example, Mr. Narver reported a maximum den- 
sity of 330 lb per cu ft for magnetite matrix concrete made with steel punch- 
ings. By prepacking well-graded steel aggregate and pumping it with mag- 


netite grout having a wet density of 170 lb per cu ft, it should be possible to 
obtain concrete having a density of 375 lb per cu ft. Greater densities can be 
obtained by using fine steel shot (SAE No. 110 blast cleaning shot) in the 
cement grout, or mortar, instead of limonite or magnetite. Pumpable grout 
weighing around 250 lb per cu ft has been used in small quantities at HAPO, 
but its general use in fabricating large shielding structures is not recommended. 


It is emphasized, however, that the prepacked method is not the only method 
for placing high-density concrete. Concrete made with magnetite, or with 
limonite and magnetite, has been placed successfully by means of conven- 
tional methods. In another case, a massive wall was constructed out of ordi- 
nary sand-cement mortar and steel scrap by the “puddling’” method. The 
method for placing high-density concrete should be carefully considered and 
adopted when it appears to be the best method available for a particular 
job. In general, standard concreting practices have proved adequate; how- 
ever, proper allowances must be made for the increased density of the con- 
crete being placed, and for minimizing segregation. As pointed out by Mr. 
Narver, the volume of the batch in the mixer must be reduced in order to 
not overload it, while the forms must be sturdier to confine concrete containing 
heavy aggregates. 


LIMONITE AND MAGNETITE MATRIX CONCRETE 


Mr. Narver does not explain why limonite is used in the concretes described 
in his paper. If concrete is to have maximum density, (the goal, set forth 
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in the paper) magnetite and possibly barite are more desirable as aggregat: 

than limonite. Ordinarily, magnetite is tougher and more readily obtaine: 
than limonite, and is denser. Depending upon process and transportation 
costs, limonite may cost several times as much as magnetite. However, if th: 
shield is to slow down and absorb neutrons as well as gamma rays, it mus’ 
contain sufficient hydrogen, or other light elements, as well as have high 
density. Therefore, limonite, containing from 8 to 12 percent water of crys 
tallization and a high iron content, is used as concrete aggregate in certai: 
neutron shields. 

When designing a workable concrete for maximum density, most of the 
recommendations given by Mr. Narver are appropos. However, some of 
these recommen:‘ations are not applicable when designing concrete for a 
neutron shield. In this case, there may be little incentive to use low cement 
contents, or to eliminate extreme fines in the limonite sand. Per unit volume, 
the cost of portland cement may be less than the cost of limonite, while the 
water retained at 200 F will be about the same for the hardened cement paste 
as for the limonite sand. 

Wet concrete made with heavy aggregates tends to be harsh; so here again, 
it may be desirable to use cement contents of 6 to 9 bags, and higher per- 
centages of fine aggregate. These procedures reduce the wet density of the 
concrete, but this can be overcome by adding a little more steel aggregate. 
Due to the high cost of limonite and other heavy aggregates all the product 
from the crusher should be utilized if possible. We have used limonite and 
magnetite sands having over 12 percent passing the No. 200 sieve on several 
occasions. In working with high-density concrete, the concrete control 
laboratory is an essential part of the operation and can be used effectively 
for confirming the adequacy of new procedures and for indicating methods of 
cost reduction. 

The gradation requirements for steel aggregate given by Mr. Narver in 
Table 1, are desirable but somewhat idealistic, especially if the source is 
scrap steel. If steel scrap is available in the sizes and quantity required it 
may be obtained for about half the price of manufactured steel. aggregate. 
However, several thousand tons of coarse steel aggregate suitable for use in 
concrete are difficult to procure; thus advance planning and close follow- 
through are necessary to get them at a reasonable cost. 

More information on the sources and properties of the limonite and mag- 
netite used by Mr. Narver would be of value. He states that careful checks 
of the specific gravities of the aggregates should be made and that “book” 
values for steel limonite or magnetite are average values and can seriously 
throw off unit weight calculations. However, he does not state whether or 
not the values given in Table 2 are “book” values or actual values of specific 
gravity. 

We have obtained limonite in small or thousand ton lots which averaged 
3.75 in specific gravity (SSD) with a variation of 3.5 to 4.0 in individual tests. 
Aggregate processed from this ore had an absorption of around 3.0 percent, 
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which indicates that its apparent specific gravity is about the same as the 
limonite described in Table 3. This fact suggests that Mr. Narver’s limonite 
came from the same Michigan mine as did our limonite. As this mine is no 
longer in production, new sources will have to be developed to obtain suit- 
able limonite of such high density. Limonite found in the western part of 
the United States averages as high as 3.5 specific gravity (SSD); however, 
the water retained at 200 F by some of the western limonites may be as high 
as 12.0 percent as compared to around 8.5 percent for the Michigan limonite. 

The most dense magnetite ore we have been able to obtain in large lots 
averaged 4.7 in specific gravity. Numerous deposits of magnetite are avail- 
able for producing aggregates having specific values of 4.2 to 4.5. These 
values are considerably lower than the values of 4.9 to 5.2 given in Table 2. 
As with limonite, the physical properties and aggregate making qualities of 
magnetite vary with the source, and should be investigated carefully before 
placing a large order. Vendors of iron ore are often unfamiliar with all the 
requirements for producing good concrete aggregate. Therefore, it is de- 
sirable that an engineer familiar with these requirements, follow closely the 
procurement and processing of heavy aggregates. 


Contrary to one of the conclusions presented by Mr. Narver, concrete or 
mortar made with limonite may be stronger than that made with magnetite, 
depending upon the respective aggregate properties. The data presented by 


Mr. Narver are representative of the compressive strengths of high-density 
concrete made with specific types and amounts of steel, limonite, and mag- 
netite. From the limited data given it appears that these heavy aggregates 
are some of the best available and that the magnetite is somewhat tougher 
than the limonite. 

It is emphasized that iron ores from some deposits do not make good coarse 
aggregate due to their weak structure. Our investigations have indicated that 
there are only a few known sources of limonite in the United States which are 
suitable for making concrete aggregate. Generally, goethite (Fe2O;-H.O) 
is more desirable for coarse aggregate since it is usually stronger, more dense, 
and more uniform in quality than many limonite occurrences. Some mag- 
netites having highly crystalline structures, tend to crumble and splinter 
during handling. On the other hand, some iron ores are extremely tough and 
difficult to crush, and therefore, can be expected to produce excellent aggregate 
and concrete of high strength. 


By BRUCE A. LAMBERTON* 


It is perhaps unfortunate that high-density concrete has been associated 
so closely with the hitherto top secret atomic weapons program. ‘This in- 
teresting development in concrete technology has, by association, acquired 
an aura of black magic whose practitioners, in the somber robes of high priests, 
reveal fleeting glimpses of the shadowed inner sanctum. It is, in fact, no more 


*Manager, Research and Development, Intrusion-Prepakt, Inc., Cleveland, Ohio. 
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than a specialized application of all the old, proven, and accepted rules of 
mix proportioning, as awesome as the concrete driveways to our garages, 
requiring only a broad understanding of concrete technology coupled wit}! 
extensive experience in high-density concrete design and installation. 

The author is undoubtedly well acquainted with the requirements of a 
particular project and makes a clear presentation of the methods used in 
arriving at a conclusion acceptable to the needs of this one project. It must 
not be inferred by readers, however, that the same approach should be used 
on other projects with similar requirements. For instance, the shielding dis- 
cussed was apparently intended principally for attenuation of gamma radia- 
tions. For any work where cost is a consideration, the engineer must realize 
that a straight magnetite concrete can be designed to produce 245 lb per cu ft 
thereby supplying 78.5 percent of the shielding effectiveness per ft, requiring 
only 27.3 percent more space for the same shield effectiveness at a materials 
saving conservatively estimated to be not less than $240 per cu yd. 

The author concludes, quite correctly, that coarse aggregate gradation is 
critical to both strength and density, that it should preferably present rough 
surfaces to the mortar matrix rather than smooth surfaces, and that it should 
be free of grease. He affirms the correctness of ASTM specifications for fine 
aggregate gradation and points out that heavy, sound aggregates produce 
heavier, stronger concretes than lighter aggregates of a more friable nature. 
It is suggested, however, that the engineer would do well to refer to more 
comprehensive literature on the subject before attempting to prepare designs 
or specifications for biological shielding. 

An article by H. 8. Davis in the Nucleonics, June 1955, entitled “How to 
Choose and Place Mixes for High-Density Concrete Reactor Shields,’’ is 
especially comprehensive and instructive. If there is any difficulty in ob- 
taining this issue, the Superintendent of Documents, Government Printing 
Office, Washington, D. C., can supply ORNL Report No. 1739, ‘Report on 
Design and Placement Techniques of Barytes Concrete for Reactor Biologi- 
cal Shields,” by E. G. Tirpak, for 15 cents. The fact that this last named 
reference is dated May, 1954, and reports the results of work dating back to 
1950 is indicative of the long standing history of work in the field. 

Several comments under “General Field Conditions” are especially mis- 
leading. For example, the process of placing a layer of mortar in the forms 
and then adding aggregate to this mortar, commonly known as “puddling,”’ 
undoubtedly was not used on the project in question. The method has been 
used successfully, however, its usefulness being simply a matter of comparing 
material handling costs where open forms are to be filled. The principal 
objection to this method is the difficulty of moving coarse aggregate particles 
under embedded items. It simply doesn’t produce a workable concrete 
essential to use in forms containing many embedded items. 


The author states that “Pressure grouting by injecting limonite-cement 
slurry into steel aggregate deposited in the forms is no longer used.” Field 
tests at this particular project were indeed unsatisfactory through no basic 
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fault of the method itself. This is evidenced by the fact that over 5000 cu yd 
of high-density concrete of every type in common use were placed by this 


prepacked method since these tests were conducted, all of this construction 
being done under the most demanding and carefully controlled conditions. 

The unsubstantiated contention that steel should be deliberately rusted 
before use is open to serious question. It should certainly be cleaned of 
grease, oil, and dirt, and should light rusting occur, the bond of mortar to 
aggregate particles would presumably be improved. The benefit to com- 
pressive strength, however, is of such a small order on top of more than ade- 
quate strength to begin with, that no additional expense or effort should be 
encouraged to deliberately cause this rusting. 

The author further states that ‘“‘The minimum density that can be obtained 
with limonite ore and steel aggregates is probably 275 lb per cu ft, but this 
is at the expense of proper material proportioning.” It seems obvious that 
coarse limonite ore (rather than the ordinary rock suggested) could be sub- 
stituted for steel aggregate to give a complete range of densities from about 
180 to the 312 lb per cu ft shown. In fact, use of both limonite and steel coarse 
aggregates is by far the most common basis of limonite-steel mix design, the 
use of steel coarse aggregate alone being rare because of both cost and place- 
ment difficulty. 

It has been the intent of this discussion to point out what appear to be the 
most apparent misstatements in this otherwise interesting article and to en- 
courage readers of the JourRNAL to inform themselves rather broadly in this 
specialized branch of concrete technology before accepting opinions based on a 
limited range of experimentation. The common sense rules of mix propor- 
tioning and construction methods still apply. Use of new materials, even 
in the glamorous field of atomic energy, must not be allowed to cloud familiar 
basic concepts. 


AUTHOR'S CLOSURE 


The comments given by Messrs. Davis and Lamberton are most interest- 
ing and pertinent. The paper written by H.S. Davis, F. L. Browne, and H. C. 
Witter in the March 1956 ACI JourRNAL is a valuable addition to the author’s 
library, as well as the papers mentioned in Mr. Lamberton’s discussion. The 
results given by the author were not intended to be critical of other works, 
but to make available the results of experience dating from 1949 at the Atomic 
Energy Commission Pacific Proving Ground. When this paper was sub- 
mitted in October, 1954, only E. G. Tirpak’s paper was available, and the 
author did not know of it until early in 1955. 

Mr. Davis has requested that more detail be given with respect to pro- 
cedures in mixing and placing of limonite matrix concrete and the degree of 
prevention of segregation. Most of the matrix concretes were !4- and 2-cu yd 
batches mixed in *4-cu yd portable mixers and 5-cu yd transit mixers, respec- 
tively. Because of construction difficulties at the Pacific Proving Ground, 2 
cu yd was the usual load, so segregation was never a serious problem. The 
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than a specialized application of all the old, proven, and accepted rules of 
mix proportioning, as awesome as the concrete driveways to our garages, 
requiring only a broad understanding of concrete technology coupled with 
extensive experience in high-density concrete design and installation. 

The author is undoubtedly well acquainted with the requirements of a 
particular project and makes a clear presentation of the methods used in 
arriving at a conclusion acceptable to the needs of this one project. It must 
not be inferred by readers, however, that the same approach should be used 
on other projects with similar requirements. For instance, the shielding dis- 
cussed was apparently intended principally for attenuation of gamma radia- 
tions. For any work where cost is a consideration, the engineer must realize 
that a straight magnetite concrete can be designed to produce 245 lb per cu ft 
thereby supplying 78.5 percent of the shielding effectiveness per ft, requiring 
only 27.3 percent more space for the same shield effectiveness at a materials 
saving conservatively estimated to be not less than $240 per cu yd. 

The author concludes, quite correctly, that coarse aggregate gradation is 
critical to both strength and density, that it should preferably present rough 
surfaces to the mortar matrix rather than smooth surfaces, and that it should 
be free of grease. He affirms the correctness of ASTM specifications for fine 
aggregate gradation and points out that heavy, sound aggregates produce 
heavier, stronger concretes than lighter aggregates of a more friable nature. 
It is suggested, however, that the engineer would do well to refer to more 
comprehensive literature on the subject before attempting to prepare designs 
or specifications for biological shielding. 

An article by H. 8. Davis in the Nucleonics, June 1955, entitled ““How to 
Choose and Place Mixes for High-Density Concrete Reactor Shields,’’ is 
especially comprehensive and instructive. If there is any difficulty in ob- 
taining this issue, the Superintendent of Documents, Government Printing 
Office, Washington, D. C., can supply ORNL Report No. 1739, “Report on 
Design and Placement Techniques of Barytes Concrete for Reactor Biologi- 
cal Shields,” by E. G. Tirpak, for 15 cents. The fact that this last named 
reference is dated May, 1954, and reports the results of work dating back to 
1950 is indicative of the long standing history of work in the field. 

Several comments under “General Field Conditions” are especially mis- 
leading. For example, the process of placing a layer of mortar in the forms 
and then adding aggregate to this mortar, commonly known as “puddling,”’ 
undoubtedly was not used on the project in question. The method has been 
used successfully, however, its usefulness being simply a matter of comparing 
material handling costs where open forms are to be filled. The principal 
objection to this method is the difficulty of moving coarse aggregate particles 
under embedded items. It simply doesn’t produce a workable concrete 
essential to use in forms containing many embedded items. 


The author states that “Pressure grouting by injecting limonite-cement 
slurry into steel aggregate deposited in the forms is no longer used.” Field 
tests at this particular project were indeed unsatisfactory through no basic 
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fault of the method itself. This is evidenced by the fact that over 5000 cu yd 
of high-density concrete of every type in common use were placed by this 
prepacked method since these tests were conducted, all of this construction 
being done under the most demanding and carefully controlled conditions. 

The unsubstantiated contention that steel should be deliberately rusted 
before use is open to serious question. It should certainly be cleaned of 
grease, oil, and dirt, and should light rusting eccur, the bond of mortar to 
aggregate particles would presumably be improved. The benefit to com- 
pressive strength, however, is of such a small order on top of more than ade- 
quate strength to begin with, that no additional expense or effort should be 
encouraged to deliberately cause this rusting. 

The author further states that ‘““The minimum density that can be obtained 
with limonite ore and steel aggregates is probably 275 lb per cu ft, but this 
is at the expense of proper material proportioning.” It seems obvious that 
coarse limonite ore (rather than the ordinary rock suggested) could be sub- 
stituted for steel aggregate to give a complete range of densities from about 
180 to the 312 lb per cu ft shown. In fact, use of both limonite and steel coarse 
aggregates is by far the most common basis of limonite-steel mix design, the 
use of steel coarse aggregate alone being rare because of both cost and place- 
ment difficulty. 


It has been the intent of this discussion to point out what appear to be the 


most apparent misstatements in this otherwise interesting article and to en- 
courage readers of the JourRNAL to inform themselves rather broadly in this 
specialized branch of concrete technology before accepting opinions based on a 
limited range of experimentation. The common sense rules of mix propor- 
tioning and construction methods still apply. Use of new materials, even 
in the glamorous field of atomic energy, must not be allowed to cloud familiar 
basic concepts. 


AUTHOR'S CLOSURE 


The comments given by Messrs. Davis and Lamberton are most interest- 
ing and pertinent. The paper written by H.S. Davis, F. L. Browne, and H. C. 
Witter in the March 1956 ACI JourNat is a valuable addition to the author’s 
library, as well as the papers mentioned in Mr. Lamberton’s discussion. The 
results given by the author were not intended to be critical of other works, 
but to make available the results of experience dating from 1949 at the Atomic 
Energy Commission Pacific Proving Ground. When this paper was sub- 
mitted in October, 1954, only E. G. Tirpak’s paper was available, and the 
author did not know of it until early in 1955. 

Mr. Davis has requested that more detail be given with respect to pro- 
cedures in mixing and placing of limonite matrix concrete and the degree of 
prevention of segregation. Most of the matrix concretes were )o- and 2-cu yd 
batches mixed in 34-cu yd portable mixers and 5-cu yd transit mixers, respec- 
tively. Because of construction difficulties at the Pacific Proving Ground, 2 
cu yd was the usual load, so segregation was never a serious problem. The 
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mixers were charged from well controlled batch plants and all of the in 

gredients were mixed in the mixer. The only problem that developed was th: 

replacing of mixing blades, but this was not serious. The conventional method 
for placing was then employed. Contrary to Mr. Lamberton’s comment, th: 

“adding steel aggregates after the mortar is in the forms’’ method was used 

but as stated in the paper, was not used extensively. This was because either th« 

placement was small or the structure had large quantities of reinforcing stee| 
and embedded items. It might be well to state that in nearly every case, the 
heavyweight aggregate mixes were utilized as structural walls subjected to 
large blast loadings, so the thickness was sometimes determined by structural 
needs rather than shielding, so, at times, the unit weight did not need to be the 
maximum possible. 

Mr. Davis inquired as to why limonite was used in preference to magnetite 
or barite. At the times the aggregates were being purchased, limonite was the 
only one available on short delivery schedules in small quantities, and already 
graded. 

The purpose of Table 2, was merely to show the variation in specific gravities, 
all of which usually can be found in a load of scrap when brought from scrap 
dealers. The values given were taken from a book. The mixes given in Table 
3 give the actual specific gravities of the ingredients used. 

The author takes exception to Mr. Lamberton’s statement that “unsub- 
stantiated contention that steel should be deliberately rusted before use is 
open to serious question.” At the Pacific Proving Ground the large blast 
forces make any extra strength desirable, even at an additional cost, and the 
rusting did not add to the expense. If this additional strength can be ob- 
tained without additional cost, the author believes it should _be done. The 
rusting also allows the inspector to quickly ascertain that little or no grease 
is on the steel. 

The author believes the statement “The minimum density that can be ob- 
tained with limonite ore and steel aggregates is probably 275 lb per cu ft, 
but this is at the expense of proper material proportioning,” is valid. As to 
whether limonite, magnetite, or ordinary rock is used by itself or in com- 
bination with steel, or other heavyweight aggregates to get lesser weights is 
dependent upon the economics of the particular job. The long shipping dis- 
tances to the Pacific Proving Ground show in favor of the locally available 
rock being substituted whenever possible to lessen the materials to be trans- 
ported. 





Disc. 52-33 


Discussion of a paper by G. W. Washa and P. G. Fluck: 


Plastic Flow (Creep) of Reinforced Concrete 
Continuous Beams 


By BENGT F. FRIBERG, W. E. SCHMID, and AUTHORS 


By BENGT F. FRIBERGT 


The tests by Washa and Fluck on deflections of shallow concrete beams and 
slabs have extended over a number of years. They deserve careful study in 
view of the increasing use of slender structural flexural sections in buildings, 
also because these tests throw some light upon current questionable practices 
of some consequence in regard to flexural assumptions for concrete members. 
The authors and their sponsor deserve credit for continuing pursuit of this 
important concrete research. 

This paper, as well as one previously published dealing with single spans, 
cited by the authors, permits general deductions in regard to deflection be- 
havior of slabs loaded to full design load, beyond the limited scope of experi- 
mental observation of value of compression reinforcement in decreasing long- 
time deflections. It would be valuable if the scope of the tests and study 
could be widened to include more tests in the span-depth proportions of 30 
or less, and lower reinforcing percentages common in slab construction with- 
out the high percentages of compressive steel in the negative moment region. 

Deflections observed in these tests may be compared with theoretical de- 
flection values: 


For single spans: 


: We . = 
For continuous spans: from 0.0054 Er’ for uniform J 


me ye tan) Ss ' 
to 0.004 ~—, for moment of inertia in negative moment 


region twice that in positive moment region 


where W is the distributed load on the span, / the span length, 7 the moment 
of inertia in the positive moment region, and £ the modulus of elasticity. 
Observed values of immediate deflections and J values computed from them 


*ACI Journat, Jan. 1956, Proc. V. 52, p. 549. Disc. 52-33 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
tConsulting Engineer, St. Louis, Mo. 
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are shown in Table A for beams without compression steel in positive moment 


regions; values for single spans are taken from the previous paper. The table 
shows for comparison the J values computed for cracked cross sections, and 
also for transformed uncracked net sections, which were proposed for de- 
flection computations in ACI Committee 313 report, “Effect of Plastic Flow 
and Volume Changes on Design,’”’? ACI Journat, Nov.-Dec. 1936, p. 123. 

The observed immediate deflections correspond most nearly to J values 
computed for cracked negative- and positive-moment sections. J values of 
transformed net sections would give much poorer agreement between ob- 
served and computed deflections, and J values for uncracked gross section, 
although commonly used for moment distributions, would give deflections 
less than one-half of those observed. Conventional methods of computing 
stiffness factors apparently are not representative for flexural members 
which can be expected to carry full design loads. 

Similar comparisons are not feasible for long-time deflections from the 
published data, but further analysis is believed to be highly desirable. The 
Table A comparison suggests that plastic hinges, as existing at cracks, are 
of primary importance for deflection determination. Their influence would be 
no less pertinent for long-time deflections, and substantially reduced only by 
compressive reinforcement as a major restraint to creep at the plastic hinges. 

The moments of inertia for uncracked gross sections are nearly equal in 
negative and positive moment regions. Initial cracking occurs at the center 
support for a negative moment substantially higher than corresponding posi- 
tive moment; immediately thereafter the positive moment increases with 
corresponding decrease in negative moment. Redistribution back to normal 
negative moment, or, as in these tests, to increased negative moments of 
about 0.144W/ because of the compressive steel and therefore substantially 
stiffer negative moment sections, occurs only after extended cracking in 
positive moment regions. Both negative and positive cracks occurred it 
these tests before initial deflection readings. The continuing increase in 
negative moment noted in the paper is believed to be specific for these ex- 
perimental slabs with large percentages of both tension and compression steel 
in the negative moment region. In conventional slab construction, with 
much lower steel percentages, it is doubtful that initial negative and positive 
moment relations are restored. 

A short-time test on a continuous rebar slab (ACI JournaL, May 1954, 
Proc. V. 50, p. 704, Fig. 6), with 1.4 percent negative and 1.1 percent positive 
reinforcement, had cracks at design load in both negative and positive mo- 
ment regions, and the end reactions indicated a positive moment 10 percent 
higher and negative moment 18 percent lower than theoretical values. The 
ratio between maximum negative and positive moments was less than 1.2 
rather than the theoretical ratio of 1.57. The precariously low positive 
moments in interior spans permitted to be assumed for most slab designs by 
the ACI Building Code give further emphasis to the need for additional 
long-time tests with slabs of conventional slender proportions. 
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The tests show total deflections after 244 years between 2.4 and 2.6 time: 
the immediate deflections, even for the deepest continuous beam reaching 
1/160 of the span with full design loads continuously in place. Such loading 
conditions probably would seldom be expected in locations where deflection 
must be given prime consideration, but it should also be considered that 
lower steel percentages would result in earlier cracking and relatively greate: 
immediate deflections at least. These relationships have the widest possib| 
application to realistic design of reinforced concrete. The authors’ excellent 
work has been fruitful and the hope is expressed that it may be continued on a 
wide scope. 


By W. E. SCHMID* 


For a number of reasons the offered results of this investigation merit a 
critical discussion. 

First, it is most unfortunate that the investigators chose to throw shrink- 
age and creep into one pot labeled “‘plastic flow.” True, both are time de- 
pendent deformations, even affine functions. Nevertheless, there is a basic 
difference: whereas shrinkage is independent of the stress and depends pri- 
marily on the relative humidity of the environment besides such secondary 
factors as (1) water-cement ratio, (2) cement-aggregate ratio, (3) type of 
cement, (4) temperatures during curing and initial hardening, (5) aggregate 
grading, and (6) water absorption of the aggregate—creep on the other hand 
is primarily determined by and proportional to the magnitude of the stress as 
established by the numerous tests of Glanville,! Davis,? and Whitney* from 
which fact Whitney concluded the validity of Hooke’s law for creep pheno- 
mena. Other variables affecting creep are age at load application, f.’, com- 
pressive reinforcement, aggregate minerals, and again water-cement ratio, 
cement-aggregate ratio, and relative humidity. Established theory con- 
veniently separates shrinkage and creep, and rightfully so, because they are 
two different phenomena and moreover, easily separable. For the test pro- 
gram such separation could have been achieved practically without any 
additional effort by observing simultaneously a few unloaded control beams on 
continuous frictionless supports. 

Second, the authors report to have measured tensile plastic flow strains. 
These strains were reportedly measured at the level of the tensile reinforcement. 
The minimum steel tensile stresses observed were about 12,000 psi. If we 
compute the concrete stresses at that level: f. = f,/n, even for the extreme 
value of n = 20 we still get concrete stresses f. = 600 psi. The tensile strength 
of the concrete, however, is around 0.1 f.’, z.e., in this case around 400 psi 
which means that the concrete must have been cracked at the gage level. 
Hence, what has been observed, if anything, was an opening of these cracks 
due to the increase in defiection and the shift of the stresses from the con- 
crete into the steel superimposed by some restrained shrinkage of the cracked 
concrete between the gage points, but certainly not the tensile plastic flow 


*Assistant Professor of Civil Engineering, Lafayette College, Easton, Pa. 
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strain. All this, by the way, I mention quite apart from the question if the 
creep of concrete in tension has any practical significance at all. 

But the third, and maybe most severe, criticism I have is the fact, that no 
attempt was made to correlate observed data with existing theory*® leading 
to its justification, modification, or maybe even development of new con- 
cepts. In this kind of applied research the goal of the researcher should be 
to discover the laws according to which natural phenomena occur. The nec- 
essary steps here are: (1) establishment of hypothetical laws mathematically 
formulated; (2) quantitative determination of the physical behavior; (3) 
appraisal of the hypotheses on the basis of experimental evidence, i.e., to 
approve, modify, or reject the original laws. Thus only can we hope to 
expand our knowledge and advance from a mere qualitative guessing to quan- 
titative analysis. Without steps 1 and 3, therefore, test results as they are 
offered remain at best an unconnected mosiac stone of empiricism in the field 
of scientific knowledge. 
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AUTHORS’ CLOSURE 


The authors appreciate the discussions provided by Mr. Friberg and Pro- 
fessor Schmid. 

Mr. Friberg’s excellent constructive discussion serves to extend the tests 
reported to the field of design of reinforced concrete. The authors are grateful 
for his kind comments and hope that work in this field may be extended as he 
has suggested. 

The discussion presented by Professor Schmid requires a careful evaluation. 
The authors, and many readers as well, are aware of the differences between 
shrinkage and creep. Discussions on these differences may be found in many 
published papers, including previous papers in this series by the authors. 
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However, a review of the literature will show that separation of creep and 
shrinkage in reinforced concrete beams is not a simple matter and that con 
troversies between well-qualified people are still existent. It should also bi 
pointed out that from a practical point of view the separation of shrinkag: 
and creep effects in an actual structure may be secondary, and the end result 
usually desired is the combined effect. 

The method of separating shrinkage from creep suggested by Professo: 
Schmid will not provide the required information because under such condi 
tions a beam will be loaded by its own weight as a result of uneven shrinkag: 
and warping. A method which the authors consider more satisfactory was 
reported in their previous paper “The Effect of Compressive Reinforcement 
on the Plastic Flow of Reinforced Concrete Beams.”’ However, it was realized 
that even the method used had definite limitations. The authors chose not 
to attempt separation of creep and shrinkage effects in the tests reported, and 
so stated in the paper. 

Professor Schmid has made calculations, using an assumed value of n, to 
show that the concrete must have been cracked at the level of the tensile steel. 
It was pointed out in the paper that the concrete had cracked in tension, so 
the calculations were not necessary. The change in strain at the steel level 
was used to compute the change in steel stress and was not reported as tensile 
plastic flow of the concrete. 

The authors agree that the three steps in the procedure suggested by Pro- 
fessor Schmid for solving any research problem would be highly desirable. 
However, when the problem is as complex as the problem of creep of rein- 
forced concrete, it is not generally possible for any one investigator or any 
team to provide the complete and final answer. The cooperative efforts of 
many, each contributing in the way he is best qualified, are required to ad- 
vance our knowledge in any field to the desired level. Any suggestions for 
accelerating the solution of this problem will be welcome and greatly appre- 
ciated by all concerned. 





Disc. 52-34 


Discussion of a paper by E. A. Jumper, J. D. Herbert, and C. W. Beardsley: 


Rattler Losses Correlated with Compressive Strength 
of Concrete™ 


By W. S. EVANS and G. B. BATSON, and EDMUND A. PRATT 


By W. S. EVANS and G. B. BATSON} 


The work done by Messrs. Jumper, Herbert, and Beardsley on the rela- 
tion of rattler losses to compressive strength of concrete was interesting to the 
writers since they are working on the same problem in Maine. While the 
data they obtained were somewhat similar, they treated the results by quite 
a different method. Since there may be some doubt as to the feasilibity of 
making adjustments for water-cement ratio, slump, and absorption, and 
bringing the results to a common denominator, it was felt that the writers’ 
procedure of applying statistical methods might be of interest. 

Neglecting the effect of slump, which should be small within the workable 
range, the data contain three variables, namely, water-cement ratio, 28- 
day strength, and rattler losses. According to other investigators,{ there is 
a straight-line relationship between cement-water ratio and 28-day strength; 
consequently, the water-cement ratios in the data presented were converted 
to cement-water ratios. By the use of multiple correlation, an equation, 
which shows the relationship between 28-day strength as a dependent variable, 
and cement-water ratios and rattler losses as independent variables was ob- 
tained. The equation is as follows: 


28-day strength = 2538 (cement-water ratio) — 21.8 (rattler loss) 


This equation shows that a difference of 1 percent in rattler loss will affect 
the 28-day strength by 22 lb or approximately 4 percent, rather than the | 
percent as determined in the original article. 

Since the statistical theory involved is based on the theory of least squares, 
the method accepts the fact that the estimated result is a best guess, and that 
considerable variation must be expected. A study of these data indicates 
that the probable error of any predicted 28-day strengths would be = 180 
psi, which is roughly 5 percent of the mean of all 28-day strengths. On this 
basis, 90 times out of 100, the variation would be greater than 1 percent of 
the mean of a large number of test results. This decreases the significance 


*ACI Journat, Jan. 1956, Proc. V. 52, p. 563. Disc. 52-34 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 

+Professor of Civil Engineering and Graduate Student, respectively, University of Maine, Orono, Me 

tEngineering News-Record, V. 107, No. 19, Nov. 5, 1931, p. 723. 


1373 





1374 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 195¢ 


of any control as small as 1 percent. The correlation coefficient, r,,., express- 
ing the relationship between 28-day compressive strength and rattler loss is, 
Te: = --0.132 = 0.053. This coefficient is so small compared with its prob- 
able error that any apparent relationship might border on the accidental. 

Another equation using cement-water ratio as a dependent variable and 
28-day strength and rattler loss as independent variables is: 


Cement-water ratio = 0.000361 (28-day strength) + 0.00767 (rattler loss) + 0.212...(B) 


This equation will give the necessary cement-water ratio for any desired 28- 
day strength taking into account the rattler loss for the aggregate used. Since 
the results obtained by the writers and those obtained by the authors are 
somewhat at variance, there may be some question as to which are more nearly 
correct. The writers would point out again that any results obtained from 
concrete tests are subject to considerable variation and estimated results 
within 44 percent or even within 1 percent may be seriously questioned. If a 
duplicate set of tests were made, it should be expected that approximately 
the same relationship between rattler loss and 28-day strength would be 
obtained; however, it might well be questioned as to whether or not the 
actual results would be within 1 percent of those estimated. 

Tables A and B were prepared from the two equations. Table A comes 
from Eq. (A) and shows how strength varies with wear if the cement-water 
ratio is held constant. 


TABLE A—STRENGTH VARIATION 


Aggregate Rattler loss C/W 28-day strength, 
class 500R, percent psi 


A 42.4 91 3780 
B 45.5 91 3713 
Mean 49.0 87 3545 
Cc 50.6 91 3600 
D 57.4 | 91 3450 


Note that the mean aggregate and the C/W ratio give the mean 28-day 
strength. Results are similar to those in Table 9 but the range in 28-day 
strength is less. The writers neglected slump as including it would have had 
little effect. 

Table B comes from Eq. (B) and shows how cement requirements are 
affected by rattler losses. 

It should be noted that in Table B the range in cement requiremeats is 
less than in Table 9, just as the range in strengths was less in Table A. Some 
small differences between the strength tables may result from the authors’ 
varying the water content whereas in Table A water content was assumed 
constant. Also in Table B the amount of cement required increases faster 
than the C/W ratios. When all is said and done the two tables are not far 
apart. It was an excellent set of data with which to work. 





RATTLER LOSSES CORRELATED WITH STRENGTH 
TABLE B—VARIATION OF CEMENT REQUIREMENT 


Aggregate Rattler loss 28-day strength 
class 500R, percent psi 
A 42.4 3876 
I 45.5 | 3876 
49.0 3545 
50.6 3876 
D 57.4 3876 


The work on Maine aggregates showed still less effect, but only aggregates 
within the Maine specification range (less than 40 percent rattler loss) were 
used. 


By EDMUND A. PRATT* 


Analysis of the data of this paper by accepted statistical methods has the 
advantage of making unnecessary the authors’ assumptions as to the quan- 
titative relationship between slump, water content, and compressive strength. 
The analysis leads, however, to conclusions that differ materially from those 
of the authors. This discussion outlines the procedures followed and results 
obtained. 

For each of the eight mixes four variables are involved: (1) rattler loss, (2) 
compressive strength, (3) slump, and (4) water-cement ratio (variation 
within the mix). 

Variable (4) can be eliminated readily, the simplest method being to de- 
termine the slope of the W/C-strength curve in the narrow range covered 
by the within-mix W/C variation. If the W/C ratio is expressed as relative 
weights and its reciprocal plotted, the resulting graph is for all practical 
purposes a straight line over the range of any of the four pairs of mixes. It 
is therefore unnecessary to make any assumption as to the complete equation 
relating W/C to strength, and the slope of the line can be scaled from the 
graph. For the present analysis the water-cement ratio-strength relations 
given on p. 14 of reference 1 were utilized, giving the following values for 
change in compressive strength for each 0.01 change in the cement-water 


TABLE C—ADJUSTMENT OF STRENGTH FOR W/C RATIO 
Mix No. 1 


Observed 
strength, 
psi 


: c/w | Correction | Adjusted | Deviation Deviation 
W/C, gal. C/W by deviation to strength, strength, from mean, from mean, 
per sack | weight from mean psi psi | psi percent of 


o 
95 
83 | 


| 
| 


1.418 —0.028 | —76 } L4] 

1.442 —0.004 —11 226: —40 
76 1.45: +0. 007 +19 | 2347 | 1.42 
66 1.472 +0.026 +71 —43 
1.446 | 


Note: 1 psi discrepancy in means is due to rounding off psi values. 


*Consulting Engineer, Berkeley Heights, N. J. 





1376 JOURNAL OF THE AMERICAN 


979 


alee 


(C/W) ratio: 
2; 27.0 psi for mixes 3 and 4; 25.2 psi 


psi for mixes 1 and 


for mixes 5 and 6; 17.5 psi for mixes 
7 and 8. 
figures are adjusted according to the 


The compressive strength 
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TABLE D—VARIABLES AS PERCENT DE 
VIATIONS FROM MEAN 
Mix No. 1 


Compressive strength (test results) 


] 


Strength, | Deviation, 


| Deviation 
psi 


jpercent of mea 


deviation of the C/W ratio from its 
mean value. Table C illustrates the 
application of this procedure to mix 
No. 1. Comparison of the deviations 
in strength before and after this ad- 
justment its 
portance (Table D). 

After elimination of variable (4) 
there remain three variables, each 
with four values, to be tested in pairs 
for correlation. For each mix, and for 
the average of all mixes, the tests are: 
strength versus rattler loss, strength 
versus slump, and rattler loss versus 
slump. 

The analysis is facilitated by con- 
verting the observed data to percent 
deviations from the mean. The con- 
versions for mix No. 1 are shown in 
Table D. 

The correlation coefficient (r) for 
each pair of variables is calculated 
from the following equation: 


2422 11 


4] 
+1 
—4 


] 
3 
1 


discloses relative im- 





Compressive strength (adjusted) 


2346 
2265 
2347 


2262 


+41 
—40 
+42 


Rattler loss 


| Rattler loss, | Deviation, Deviation 
percent aed percent 500R |percent of mear 


—13.42 


— Zz 
} —7.10 
| 


—3.5 
+1.6 
+8.4 


+3 .32 
+17.20 


Slump 


Slump, Deviation, 


jpercent of mean 


Deviation, 


Toy = 2 (xy)/V = (x)? = Cy)? 


where x and y are the paired variables. Since there are three variables, z 
The 
x will represent strength, y rattler loss, and z slump, all expressed as percent 
deviations from their respective means. 

The significance of the coefficients found will be computed by the applica- 
tion of the Student ¢ test, the value of ¢ being derived from the equation 


ry N — 2, ‘V1 —r 


where N is the number of pairs of observations on which the correlation is 
based, in this case 4. 


will also be used, the coefficients r,, and r,, being similarly computed. 





{= 


The probability that a given apparent correlation arises, by random sam- 
pling, from uncorrelated pairs of values can be read from a table or chart of 
t (p. 174 of reference 2, or p. 391 of reference 3). In general, the correlation 
is not considered significant if the probability (P) is greater than 0.05. 

The computed values of r, t, and P are given in Table E, 





RATTLER LOSSES CORRELATED WITH STRENTGH 


E—CORRELATION COEFFICIENTS AND PROBABILITIES 


va 
—O0 
—( 
| 0 
+0 


' 
+-0.399 


For strength versus rattler loss the coefficients for mixes No. 1, 3, and 8 
are more likely to arise from chance than from real correlation; those for 
mixes No. 4, 5, and 6 are almost as likely to arise from chance as from true 
correlation; there is one chance in four that the coefficient for mix No. 2 is 
due to chance; and for mix No. 7 there is one chance in nine that the result 
does not arise from real correlation. The probability of the coefficient found for 
the mean of all mixes arising from mere chance is about 4 in 10. None of 
the coefficients can be said to indicate significant correlation. 

For strength versus slump, six of the eight mixes, as well as the mean of 
all mixes, have probabilities over 0.50, indicating that the coefficients are 
more likely to have arisen from chance than from true correlation. Also, 
there is reversal of sign between the first four and the last four mixes. The 
sign of the coefficient for the mean is plus which, if the correlation were sig- 
nificant, would indicate that strength varies directly with slump. But the 
probability (0.72) is so high that the appearance of correlation must be con- 
sidered as due to chance. 

For rattler loss versus slump the probabilities are more favorable to real 
correlation, that for mix No. 6 (0.08) approaching the criterion of significance 
mentioned above. However, the correlation between these variables is not 
relevant to the discussion, though it may help to explain the apparent correla- 
tion found by the authors. 

The absence of statistical evidence for correlation between compressive 
strength and rattler loss is in a measure explained by comparison of the 
strength deviations (Table D) with the standard deviations of the test data, 
or with the “probable” error (0.675 times the standard deviation) of the 
data. From the psi figures for individual cylinders (Table 6), the standard 
deviations of the 28-day strengths for mixes IA to ID are computed to be 
104, 107, 77, and 55 psi, respectively. The average probable error is 58 psi. 
From Table D it is seen that the deviations in compressive strength (ad- 
justed for W/C ratio) are less than the smallest standard deviation and con- 
siderably less than the average probable error. Although the precision of the 
strength test data is high (average coefficient of variation 2.7 percent), it 
is not high enough to detect any trend in the compressive strengths. 

This discussion being confined to the application of statistical analysis to 
the experimental data, no investigation was made regarding the validity of 
the procedure*by which the authors adjusted the values of strength to con- 
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form to an assumed relationship between slump and water content. It is 
somewhat difficult to reconcile the assumption with the wide variation in 
slump shown in Table 7 for nearly identical mixes having substantially uni- 
form water content. 
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Disc. 52-36 


Discussion of a paper by Gerald Pickett: 


Effect of Aggregate on Shrinkage of Concrete and a 
Hypothesis Concerning Shrinkage’ 


By ULF BJUGGREN and A. M. NEVILLE 


By ULF BJUGGRENT 


The author’s paper is of greatest interest and puts the problem of shrink- 
age on a very sound basis. Still better agreement between the relative shrink- 
age and calculated values can be obtained if the volume of aggregate is cal- 
culated as the ratio of the net volume of aggregate plus the hardened paste. 


g 


g = 


 gtent+ Be 


Where 
= absolute volume of aggregate 
weight of cement 
specific volume of cement 
c = nonevaporable water of hardened paste 


With the values v, = 0.32 and 8 = 0.26 the author’s value of a decreases to 
1.4—1.5. 

Another approach to the relative shrinkage may be the assumption that 
shrinkage forces are proportional to the amount of hardened paste and that 
the shrinkage is proportional to the calculated deformations caused by these 
forces. If the deformations (including creep) are m times larger in the hard- 
ened paste than in the aggregate, the relative shrinkage will be 


S:S, = (1 — g'):[1 + (m — 1) g'] 


With the use of the same values for the calculation of g' tentative curves 
are made up in Fig. A with the values given in the author’s paper. The 
agreement between measured and thus calculated values is acceptable for the 
concrete with Ottawa and Elgin sand, but not so good with silica sand. The 
values of m are chosen after trial to find the best agreement between fact and 
theory and so the value m = 1.5 was used for the Ottawa and Elgin sand and 
the value m = 2.0 for the silica sand. 


*ACI JournaL, Jan. 1956, Proc. V. 52, p. 581. Disc. 52-36 is a part of copyrighted JourRNAL or THE AMERICAN 
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Fig. A—Tentative shrinkage curves (Bjuggren) 


By A. M. NEVILLE* 


The shape of the curves of subsequent shrinkage versus square-root-of- 


time obtained by Mr. Pickett is most interesting. It is not unique, however, 


since many limited swelling gels show a time lag between the time when they 
begin to lose the adsorbate and the time when contraction is first observed. 
In the case of concrete, Matsumoto! found that concrete will take up a certain 
amount of water before it begins to expand, and that it will go on expanding 
slowly for some time after it has ceased to receive water. 


This lag is probably due to emptying and filling of capillaries. Hence, 
pastes with lower water-cement ratio, and thus with a smaller volume of 
capillaries, would lose their water more rapidly. This would show in only a 
very small portion of the shrinkage curve being concave upwards, and is, 
indeed, borne out by Mr. Pickett’s curves in Fig. 2. 

No lag is observed in the first shrinkage curves: this is probably due to 
the fact that the capillaries have been largely emptied by the hydration of 
cement by the time the shrinkage measurements are started. 

It is thus possible that the first and subsequent shrinkages are all due to 
the same mechanism. The irreversible part of the first shrinkage may well 
be due to the shrinkage stress causing the surface forces due to the solid- 
to-solid attraction to assert themselves over a larger area.2 The magnitude 
of these forces is a function of the area of contact: thus the removal of stress 
would not produce a full volume recovery. Similar behavior could be caused 
by external loading,* when the deformation is, of course, called creep. 

Mr. Pickett’s curves of log S./S versus log 1/1—g show good agreement 
with his theoretical equations obtained for an elastic aggregate embedded 


*Lecturer, Engineering Department, University of Manchester, Manchester, England. 
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in an elastic paste. There is, however, some discrepancy and this writer 
wonders whether it could not be explained by the fact that the cement paste 
is not entirely elastic: the stress introduced by the restraining -particle of 
aggregate is partially relieved by the creep of the paste. Thus, actual S 
would be smaller than the value obtained from Eq. (14), and consequently 
log S./S would plot above the straight line. This is particularly noticeable 
for mixes with a high creep potential, 7.e., high water-cement ratio, and, to a 
lesser extent, for mixes which are fairly rich. 
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Discussion of a paper by Jack R. Janney, Eivind Hognestad, and Douglas McHenry: 


Ultimate Flexural Strength of Prestressed and 
Conventionally Reinforced Concrete Beams” 


By P. W. ABELES, K. HAJNAL-KONYI, GENE M. NORDBY, and AUTHORS 


By P. W. ABELEST 


This paper should give an interesting comparison of various types of rein- 
forcement and the influence of bond. However, it appears to be unfortunate 
that only one test beam was considered for each group and percentage, and 
thus there is no basis for a conclusion that these are average values. It would 
have been of particular importance to check the ultimate loads of the two 
beam groups 1-0.420 and 2-0.398, 7.e., the beams reinforced with six strands, 
in the one case pre-tensioned bonded and in the other case post-tensioned 
grouted. It is remarkable that the latter beam was capable of carrying an 
ultimate bending moment 10 percent higher than the former. 


Generally speaking, it can be taken that beams with post-tensioned grouted 
“ables may reach as a maximum the same ultimate load as beams with pre- 
tensioned bonded wires, provided the latter do not slip. This however should 
never happen with pre-tensioned wires or strands. From the diagrammatic 
cross section it can be assumed that the six strands were placed in one layer 
within the 6 in. beam width, in which case there would have been very little 
space between the individual strands and slip would not have been surprising. 
Obviously the bond resistance of any reinforcement is governed by the capa- 
bility of the concrete, first in taking up the tensile force by bond and after- 
wards of carrying it; thus a minimum spacing of the individual members will 
be necessary, dependent on the steel force, the surface area and surface con- 
dition of the steel member, and the compressive strength of the concrete. 
If the writer’s assumption with regard to placing of the six strands is correct, 
then it would have been preferable to provide two layers of three strands each, 
with sufficient space between the two layers, so as to ensure satisfactory bond 
conditions. 


The writer would like to query one essential point considered in the authors’ 
equation, 7.e., the factor F which has been introduced by A. L. L. Baker.*.®.7 
The theory is based on the assumption that there is up to failure a straight- 
line strain distribution from the compressive zone to the tensile zone and 


*ACI Journal, Feb. 1956, Proc. V. 52, p. 601. Disc. 52-37 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings Y. 52. 
t+Consulting Engineer, London, England. 
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Fig. A—Comparison of actual and computed _failure bending moment 


that the stress-strain relations of concrete and steel are known. There is no 
doubt that the first assumption is correct, as has been ascertained from numer- 
ous strain measurements. However, the fallacy in the application of this 
theory lies in the fact that the stress-strain diagram of the steel obtained for 
ordinary gage length is taken into account in all instances, which will be correct 
only where the bond is not satisfactory or nonexistent. With a well-bonded 
pre-tensioned member, only very fine cracks develop and the stress-strain 
relationship of the steel is apparently different within the crack, where re- 
duced contraction occurs, from that obtained for an ordinary gage length. 
The consequence is that the theoretical values assumed for F do not agree 
with the actual test results where well-bonded work-hardened steel or well- 
bonded prestressed wire is used. The discrepancy is often 15 percent and 
more. 

The writer would like to refer to his discussion of the authors’ reference 3, 
in which various test results were compared with an equation similar to Eq.(3), 
the factor k2/kiks being taken as 0.5. When comparing the Billet-Appleton 
test results with the calculated values, it is seen that most of them are nearly 
15 percent less than the calculated values, although numerous test results 
with well-bonded steel presented by the writer* exceed the theoretical value. 
Fig. A taken from the above reference shows the test results of the original 
publication together with those of the tests by Billet-Appleton. The writer 
has pointed out that the cause of the reduced ultimate bending moments 
in these tests was most likely the fact that they were carried out only a few 
days after the tement grout was inserted, and consequently the resistance of 


*Abeles, P. W., “The Use of High Strength Steel in Ordinary Reinforced and Prestressed Concrete Beams," 
Preliminary Publication, International Association for Bridge and Structural Engineering, Fourth Congress, 
Cambridge, 1952. 
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the grout was limited. Thus, the Billet-Appleton tests were not representa- 
tive of well-bonded steel as it occurs with pre-tensioning or with post-tension- 


ing if excellent grouting is provided. However, the test results with their re- 
duced ultimate load gave a much better agreement between the theory based 
on the introduction of an F value and the actual test results then can be ob- 
tained for members with well-bonded steel. Consequently, the theory of 
Professor Baker has apparently been accepted, although in the writer’s view 
it will give satisfactory results only when the actual stress-strain condition of 
the steel for a very short gage length is known. 

The authors stated on p. 612 that when considering the value F the bond 
between steel and concrete failed locally in “some beams’ with regard to 
pre-tensioned beams. This does not appear quite clear to the writer since 
there were only three beams with pre-tensioned steel, two of which (7.e., 
those with two and four strands) hardly failed by bond, as can be seen from the 
ultimate steel stress equalling the strength. In the writer’s view it was only 
one beam, 7.e., that with six strands of wire, in which bond slip must have 
occurred at failure. 

Another point which is not quite clear to the writer is the question of de- 
flection recovery. It is of importance to know when the recovery was measured. 
There is obviously a great difference between immediate recovery and that 
after a certain rest period. Another point in this connection is the extent of 
recovery. It is surprising that with several beams, e.g., of group 1-0.420 and 
2-0.398, the percentage recovery became greater (7.e., the percentage set was 
less) with increasing load. Does this relate to the entire percentage recovery 
based on the entire permanent set; or in this case is the percentage recovery 
obtained for individual loading in which the previous set is not included? 
If this is so, it would be interesting to know the percentage recovery in which 
the entire set is taken into account, and the writer would be obliged to the 
authors if they would give the required information. 


By K. HAJNAL-KONY!* 


The tests on which the equations for ultimate flexural strength are based 
were carried out on one type of beam only. 

Pre-tensioning was represented by only three beams, containing two, four, 
and six strands, respectively. The result of the third beam, with six strands, 
fell far short of the value that should have been reached. While the ultimate 
moment of the beam with four strands was 547 in.-kips, that of the beam with 
six strands was only 580 in.-kips. The deficiency of the load bearing capacity 
of this beam is obvious also from a comparison with the ultimate moment of 
the post-tensioned grouted beam with six strands which was 640 in.-kips. 
The small difference in the cylinder strength is surely no explanation for this 
discrepancy and the only possible conclusion is that the premature failure of 
the beam in question was caused by bond slip. 


*Consulting Engineer, London, England. 
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If we exclude this type of failure—a necessary requirement of a well de- 
signed and properly manufactured pre-tensioned beam—there is no need 
to introduce a factor F and Eq. (3) can be relied upon in the same way as fo: 
conventionally reinforced beams. This has been proved by numerous tests 
in Europe. It should be noted that the result of the beam with four strands 
in group one fits the curve for Eq. (3) (Fig. 7) and there is no reason why a 
beam with six strands should not fit it Just the same 7f the strands are really 
well “bonded.” Of course, with increasing number of strands, conditions for 
bond become worse and it may be difficult to achieve fully efficient bond in a 
beam only 6 in. wide if the strands are all in one layer as presumably they 
were in the test beam. It would be regrettable if a formula based on a single 
inadequate test result were accepted. 


By GENE M. NORDBY* 


The fact that concrete beams, whether prestressed or not, behave similarly 
at ultimate load when materials of comparable strengths are used usually 
astounds engineers unfamiliar with ultimate strength analysis. The authors 
have verified this similarity with a well organized set of tests and data. The 
writer wishes to add to the wealth of data that will probably pile up to support 
this theory in the future. 

Table A lists the results of 17 beams which failed in flexure and which were 


TABLE A—SUMMARY OF STATIC TESTS ON SHALE AND CONVENTIONAL 
CONCRETE BEAMS — 


re | 
| Width, | 
} b, Depth, | Mun, Pp te’, 
in. in. in. | in.-kips | psi 


1A-3B* 

4A4-6Bt 

Pl, P2§t 

P3§ 1598 


1.6 00865 | 6666 
21 00845 | 6040 
15 00821 6400 
19 00821 | 6780 
55 
9 


6 11 
6 3.2! 4. l 
6 | 3.2 é | 1 

1 


6 





00854 | 5390 


1 
G6 1598 6 3.8 3 .f | 00821 6345 


| 


| 
| 
G3 3196 | 5 


*Average of six identical beams using three 5/16-in. strands. 
tAverage of six identical beams using two 3/8-in. strands. 
tAverage of two identical beams using two 3/8-in. strands. 
§Shale aggregate. 


part of a research project recently reported.! Other beams (10 total) failed 
in bond and shear. The beams were prestressed with seven-wire, stress-re- 
lieved, uncoated prestressing strands for bonded design. It had the following 
properties: ultimate strength, 272,000 psi; stress at 0.2 percent offset, 240,000 
psi; and stress at 1.0 percent offset, 270,000 psi. The steel was given an 
initial prestress of 175,000 psi which was reduced to approximately 155,000 
psi by losses. Two types of concrete were used. The first was a conventional 
concrete made with a gravel aggregate, and the second was an expanded 
shale aggregate. The shale came from the Pierre formation in Colorado. 

In Fig. B (similar to Fig. 6) all of the points follow the curve within the 
limits of experimental error. The shale beams conform to the proposed curve 


*Engineer, National Science Foundation, Washington, D. C. 
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more exactly than do the conventional beams. When one considers the 
statics of the cross section at failure, there seems to be no reason why con- 
crete of any aggregate or steel combination should not conform to the curve 


The ultimate design theory for flexure seems to be in an advanced state of 
development. However, it seems companion theories must be developed 
for the ultimate strength in bond and shear. Recent tests'.?-* indicate bond 
failure or slip of prestressing tendons in bonded design may be a controlling 
factor. There is still very little knowledge about bond in prestressed con- 
crete and it is ignored in design to a large extent. 
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AUTHORS’ CLOSURE 


The authors appreciate the added information on flexural strength of 
prestressed beams presented by Nordby. They are in agreement with his 
view that additional information is needed regarding ultimate strength ot 
pre-tensioned prestressed beams as controlled by bond. Considerable ex 
perimental work regarding the bonding action of seven-wire strand has been 
carried out recently at the PCA Laboratories. Although it is not convenient 
to present details in this discussion, two general aspects of the test findings 
may be helpful in considering the points of discussion raised by Abeles and 
Hajnal-Koényi. 

As reported in reference 11 of the paper, when a beam is pre-tensioned 
with individually spaced straight wires, failure by bond is probable at a load 
only slightly greater than that causing first slip in the midspan region. In 
practice, therefore, such beams are usually so designed that no bond slip 
takes place before flexural ultimate strength. The bonding action of pre- 
tensioned seven-wire strand has been found to differ considerably from that 
of single wires. Probably due to its helical shape, the strand continues to 
maintain considerable bond by friction and wedging even after first slip has 
taken place. Beams pre-tensioned by strand may therefore be entirely satis- 
factory in practical use though local slip may take place in the midspan 
region between the flexural cracking load and the ultimate load. 


This difference in bonding action between single wire and strand may 
explain that an increase in ultimate beam strength due to reduced contrac- 
tion of single wires at a crack, as referred to by Abeles, was not prominent 
in the authors’ tests with strand reinforcement. 


For the pre-tensioned beams of the paper, two strands were placed in 
one layer, and four and six strands were placed in two layers. The vertical 
and horizontal spacing was | in. center to center of the strands. Recent tests 
of similar beams designed to study bond action have shown that because 
the ultimate strand stress decreases, the risk of bond failure decreases as the 
number of strands increases. Hence, if the relatively low strength of beam 
1-0.420 were due to bond slip, beams 1-0.141 and 1-0.250 should also have 
suffered by slip. This was not the case. Furthermore, an ultimate moment 
of 643 in.-kips was observed recently for a beam identical to 1-0.420, but 
with clean rather than rusted strand. The authors believe, therefore, that 
the slightly low strength of the pre-tensioned beam 1-0.420 as compared to 
its post-tensioned bonded companion, is principally a matter of experimental 
scatter. 

The recovery percentage reported in the paper refers to “total deflection 
minus permanent set divided by total deflection.’”’ Total deflection and set 
refer to zero readings before the test began, and this same zero applies to all 
load releases. 





Disc. 52-40 


Discussion of a paper by J. J. Closner and T. Carmel: 


Large Prestressed Concrete Elevated 
Tank for Dallas, Texas” 


By R. E. MORRIS, JR.t 


Since this tank was a new approach to an old problem, the engineering 
division of the Dallas City Water Works checked all design with meticulous 
care. 

One of the most intriguing designs was that for the floor of the prestressed 
tank, simply supported on four concentric cylinders. The design was made 
by Raymond J. Beiner and Nicholas N. Rouzsky using the theory of elastic 
circular plates. Formulas were taken from Beyer’s work.f In checking the 
design the writer used Timoshenko’s and J. H. Mitchell’s formulas for elas- 
ticity of plates to determine defections, reactions, radial and tangential 
moments, and shearing forces. The two methods yielded substantially the 
same results. The writer checked further by using his formulas and deriving 
the German formulas by algebraic rearrangement and changing of the nomen- 
clature. 

During construction some items became apparent that could economically 
have been changed. 

One such item was the thickness of the supporting cylindrical concrete 
walls. The walls were specified to be 6-in. thick. This was not of adequate 
thickness to accommodate the 1-in. steel jack rods and the horizontal rein- 
forcing bars conveniently. The cost of increasing wall thickness to 8 in. 
would be more than offset by reduction in time and effort saved in placing 
steel. 

Another item was the access ladder carried up inside the substructure 
and passed through the tank floor and thence through a square concrete tower 
within the water tank to the roof. This construction required much “‘trigger 
work,” and bad leaks which developed around the floor opening later had to be 
plugged with ironite. It would have been better to carry the passageway 
outside the substructure just below the tank floor and up the outer wall of 
the tank to the roof. Uniformity of appearance would have been broken, 
but the chance of leakage could have been eliminated. 

Still another item was the tie wires used on the prestressed tank walls. 
Either they should have been of the type with leak-proof shields, or the walls 

*ACI Journat, Feb. 1956, Proc. V. 52, p. 641. Disc. 52-40 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 


+Assistant Superintendent, Dallas City Water Works, Dallas Texas. 
{Die Statik im Stahlbetonbau, Springer Verlag, Berlin, 1948. 
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could have been pneumatically placed, and prestressed, and then the wires 
coated with shotcrete. Minor leaks developed through the wire holes, and 
after the water came through the hole it followed some of the horizontal pre- 
stressing wires, indicating a lack of bond or density of the shotcrete. These 
* minor leaks have since been repaired by the general contractor. 


Painting of such a structure should be delayed for about 6 months after 
completion to allow all minor leaks to develop and repairs to be made. The 
tank has now been painted with portland cement paint and the appearance 
greatly enhanced. 





Disc. 52-41 


Discussion of a paper by Niels Thorsen: 


Use of Large Tendons in Pre-Tensioned Concrete’ 


By H. KENT PRESTONT 


This was an informative paper covering factors that should be considered 
by designers of prestressed concrete. Several items merit further discussion. 
In reading the following comments it should be remembered that the original 
article was written 2 years ago when pre-tensioned bonded, prestressed con- 
crete in the United States was practically in its infancy compared to present 
production. 

Table 1 lists “approximate modulus of elasticity’? and indicates that it is 
the same for stress-relieved and non-stress-relieved seven-wire strands. The 
load elongation curve of Fig. A shows that this is not the case. Curve No. | 
represents a 34-in. diameter, seven-wire strand made from as-drawn wires and 
not stress-relieved. Curve No. 2 represents the same strand except that it was 
stress-relieved after the stranding operation was completed. The curve of the 
stress-relieved strand is a perfectly straight line to a point well beyond the 
initial tension used. 

The elastic properties of stress-relieved strands are so uniform and consis- 
tent that they provide the best practical method of obtaining the correct 
initial tension. That is, the elongation for a specified load and length is com- 
puted and the strands are tensioned to that elongation, which is appreciably 
more accurate than hydraulic jack readings that vary because of nonuniform 
friction in the jacks. The elongation method cannot be applied to non-stress- 
relieved strands since the elastic properties of one vary appreciably from those 
of another. It should be noted that the excellent elastic properties are due 
to stress-relieving ‘after stranding.” Strands made from stress-relieved 
wires have poor elastic properties almost identical to those made of as-drawn 
wires. 

As indicated in Table 3, the bond tests reported were for members sub- 
jected to static loads. Recent test data have shown that some tensioning 
elements which will bond sufficiently to develop their ultimate strength when 
loaded statically, suffer bond failure under repeated loading. Professors 
Nordby and Tulin at the University of Colorado found that 0.196-in. diameter 
wire and 3%-in. diameter seven-wire strand both developed full strength under 
static load. After 1,000,000 cycles to 1.2 times design load, the member 
prestressed with 0.196-in. wires was loaded statically. Bond failure occurred 

*ACI Journat, Feb. 1956, Proc. V. 52, p. 649. Disc. 52-41 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 

+Engineer, Construction Materials Division, John A. Roebling’s Sons Corp., Trenton, N. J. 
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at 60 percent of the ultimate reached by an identical unfatigued member. 
Beams prestressed with *¢-in. diameter strands were subjected to 2,000,000 
cycles to 2.35 times design load and then loaded statically to ultimate and 
“no bond failure was observed.” This suggests that the bond of a given type 
of tensioning element under repeated loads should be established before it is 
used in members subjected to dynamic loadings such as highway bridges. 

Four methods of checking bond characteristics are outlined. Method 1 is 
being used on most current tests with occasional checks by methods 2 or 3. 
Method 4 has consistently given results in which the bond values measured 
were less than those established by more accurate methods 1 and 3. There 
are two reasons for this: 

1. Bond on both wire and strand is improved by the compression which 
exists in an actual prestressed concrete member. This compression is not 
present in pull-out tests. 

2. Seven-wire strands develop a good deal of mechanical bond through the 
valleys between the wires. These valleys are helical like a thread with a long 
pitch. When the strand is bonded in a pull-out specimen, it unscrews and 
therefore does not develop any mechanical bond. In an actual member it 
cannot unscrew and therefore develops a much higher bond. 














Dics. 52-43 


Discussion of a paper by N. C. Ludwig and S. A. Pence: 


Properties of Portland Cement Pastes Cured at 
Elevated Temperatures and Pressures 


By L. E. COPELAND and STEPHEN BRUNAUER, CHARLES M. HUNT, and AUTHORS 


By L. E. COPELAND and STEPHEN BRUNAUERT 


Messrs. Ludwig and Pence are to be congratulated for the extensive and 
excellent research work presented in their paper. In the following comments 
we attempt to restate some of the conclusions of the authors in different words, 
with certain additions. 

An investigation of the properties of portland cement pastes cured at 
different temperatures is complicated by the fact that in addition to changes 
in physical properties, changes also occur in the chemical nature of the paste. 


1. Among the properties investigated, W, has the clearest bearing on 
the chemical nature of the hydration products. The maxima in the W,, 
versus temperature curves of Fig. 6 clearly indicate that the cement paste 
at the higher temperatures was chemically different from the cement paste 
at the lower temperatures. It is possible that the authors encountered more 
than two chemically different pastes in the entire temperature range in- 
vestigated; however, for simplicity, it may be assumed that there were only 
two different pastes. Let us call the low temperature paste of cement A 
paste I and the high temperature paste, paste II. 

The authors pointed out that W, for paste II is lower than for paste I. 
A rough quantitative estimate of W, at complete hydration for the two 
pastes can be made in the following manner. Paste I, at complete hydra- 
tion, would have a heat of hydration of about 110 cal per g, as shown by the 
authors (p. 685). After 7 days at 80 F, the heat of hydration was 68 cal per 
g (p. 679). This indicates that cement A was about 60 percent hydrated. 
The nonevaporable water at this stage was about 140 mg per g; complete 
hydration would, therefore, correspond to about 230 mg per g. The value 
of W,, for paste II after 7 days at 320 F was about 140 mg per g. This cor- 
responds to about 93 percent hydration, as judged by the heat of hydration 
(pp. 679 and 685). Thus, at complete hydration, W, for paste II is about 
two-thirds as much as for paste I. 

2. The authors correctly pointed out that the total heat of hydration 
of paste II is less than that of paste I. It is interesting to note also that the 


*ACI Journat, Feb. 1956, Proc. V. 52, p. 673. Disc. 52-43 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
tPortland Cement Association, Chicago, Ill. 
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reverse is true for the chemical heat of hydration. Powers and Brownyard* 
demonstrated that the total heat of hydration is the sum of the chemica 
heat of hydration and the heat of adsorption of water on the cement ge 
Using their heats of adsorption, one can calculate the chemical heats of hydra 
tion of pastes I and II. 

Cement A after 7 days at 80 F was about 60 percent hydrated. The su: 
face area at that stage was 103 sq m per g (p. 679); at complete hydration 
therefore, it would be about 170 sq m per g. The heat of adsorption at satura 
tion on this surface would be about 27 cal per g. The treatment prescribed 
in the ASTM method removes some of the adsorbed water; thus, the heat 
of adsorption diminishes by about 1 cal (Verbeck’s unpublished result 
Since the total heat of hydration of paste I was about 110 cal per g (p. 685 


the chemical heat of hydration was about 84 cal per g. For paste II], because 
of the much smaller surface area, the heat of adsorption is only of the orde: 
of 1 cal per g, giving a chemical heat of hydration of about 93 cal per g. Al 
though these calculations are rough, they show that the chemical heat ot 
hydration of paste II is larger than that of paste I. 

34. Temperature has a two-fold effect on W,,; it increases the rate of hydra 
tion, thus increasing W,, but the high temperature paste has a smaller non- 
evaporable water content per g of cement. Likewise, temperature has a 
two-fold effect on surface area; it increases the rate of hydration, thus in- 
creasing V,,,, but at higher temperature crystal growth occurs, thus decreas- 
ing V,. These opposing effects may explain the maxima in Fig. 6, as well as 
the shapes of the curves. This is merely a restatement of the findings of the 
authors. 

1. The slight increase in the rate of hydration with pressure is perhaps 
not too surprising. The concentrations and activities of liquids, and even of 
solids, increase slightly with pressure, and this may account for the slight 


increase in reaction rate. The effect should be greater at the lower pressures, 


because compressibility diminishes at higher pressures; this is what Ludwig 
and Pence observed. 

In our opinion the paper by Ludwig and Pence constitutes a most valuable 
addition to the knowledge of the hydration of portland cement. 


By CHARLES M. HUNT? 


It is interesting to consider the relationship between surface area and 
water permeability which is shown by the Ludwig and Pence data. Powers 
and Brownyard' considered application of the Kozeny equation to the flow 
of water through cement pastes. They started with a modified equation of the 
form 


(1) 


*Powers, T. C., and Brownyard, T. L., “Studies of the Physical Properties of Hardened Portland Cement 
Paste—Part 4,"" ACI Journat, Jan. 1947, Proc. V. 43, pp. 549-604. 
tChemist, Concreting Materials Section, National Bureau of Standards, Washington, D. C. 





CURING AT ELEVATED TEMPERATURE 


where Ay is the coefficient of permeability in square centimeters, ¢ is the 
volume of voids per cu cm of paste, and S, is the surface area in.sq em per 
cubic centimeter of paste. C is the reciprocal of the Kozeny constant and 
has a value of 0.2. Powers and Brownyard’s symbols have been changed 
slightly so that notation in this discussion may conform to that of Ludwig 
and Pence. 

Since it is customary to express surface area values in terms of surface 
per unit weight, it is more convenient to use the modificat the Kozeny 
equation developed by Carman.*? This equation is 


Where S, is the surface in sq em per cu cm of solid phase, y is the |} 
viscosity of the permeating fluid in stokes, k’ is permeability expressed 
cm per sec, and e has been previously defined. Eq. (2) can be expressed in the 
form 


where S is the surface area in sq m per g of paste, 
phase in the paste, and A is the permeability in darcy’s as d 
and Pence. 

According to Eq. (3), if porosity, e, and density, p, are constant 
as a function of AK”? should be a straight line passing through 
When Ludwig and Pence cured pastes of a given water-cement 
ferent temperatures, the nonevaporable water contents, W,, difl 
tively small amounts from specimen to specimen. Thus it 
tively assumed that specimens from the same paste had essent 
porosity and density. 

Values for internal surface, S, and water permeability, A, h: 
from Ludwig and Pence’s Fig. 6, and S has been plotted as a 


K~* in Fig. A. The plots are both linear for pastes which were cu 


peratures of 160 F to 400 F. This is the range of curing temperatu 


which surface and permeability values showed the greatest differen: 
ever, specimens cured at approximately 140 F differed littl 
from specimens cured at 160 F, while they differed greatly 
permeability function. This causes the lines to change slop 

It is significant that surface by water vapor adsorption should sho 
dence of functional relationship with water permeability over such 
range of values for both variables, but it is also significant that the da 


specimens cured at about 140 F do not fit the lines established by the 
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specimens. This divergence raises the question of whether there is some 
subtle structural difference between specimens cured at 140 F and specimens 
cured at 160 F which is not evident from surface area values alone, or whether 
the deviation is an artifact arising from the difficulty of determining very 
small permeability values. 

It would be difficult to prepare a series of hardened pastes by room tem- 
perature curing which differed widely in surface area except by selecting 
specimens of different degrees of hydration. The Ludwig and Pence speci- 
mens were all highly hydrated and differed slightly in nonevaporable water 
content. This fact makes them particularly interesting materials for perme- 
ability studies and suggests that pastes cured at high temperatures might be 
very suitable materials with which to test theories of cement permeability. 

In the light of the earlier Powers and Brownyard discussion of cement 
permeability! and also some of the experiments of Powers, Copeland, Hayes, 
and Mann,’ there might be good reason to question the calculation of perme- 


ability values by substituting surface areas by water vapor adsorption into 
the Carman-Kozeny, equation at least for specimens of high water-cement 
ratio. Nevertheless Ludwig and Pence show evidence of some kind of func- 
tional relationship between these two variables. This evidence suggests that 
permeability and surface measurements of pastes cured at elevated tempera- 
tures and pressures should be a fruitful field for further research. 





CURING AT ELEVATED TEMPERATURES AND PRESSURES 
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AUTHORS’ CLOSURE 


In item. 1, Messrs. Copeland and Brunauer calculated the approximate 
degree of hydration obtained at 7 days of pastes I and II cured at 80 and 
320 F, respectively. From this they estimated the corresponding W,, values 
at complete hydration. For paste I, they used the “potential” heat of hy- 
dration (Table 6, p. 685) as a base value. 

For paste II of cement A, they used the value of 94.7 cal obtained at 400 F 
as the base value and calculated that, at 320 F, the paste was 93 percent 
hydrated. We indicated on p. 685 that we felt that the pastes cured at 320 F 
were completely hydrated. It seems to us that the pastes cured at 320 and 
400 F may be chemically different and, hence, have different total heats of 
hydration. 

In item 2, last two sentences, the discussors also use the measured value of 
94.7 cal per g to arrive at an estimated chemical heat of hydration. We agree 
with the points brought out in this item. 

Regarding item 4, we are presently studying the effect of pressure on the 
solubilities of calcium sulfate and calcium hydroxide in solutions of potassium 
hydroxide. The results show appreciable increases in the solubilities with 
increasing pressures. 

We greatly appreciate the discussors’ comments as they bring out a num- 
ber of intersting points pertinent to this subject. 

The following comments on discussion by Mr. Hunt were prepared jointiy 
by the authors and L. E. Copeland. 


The linear relationship between the specific surface and K~* shown by 
Mr. Hunt is correct. However, the slope of the line obtained in this way does 


not agree with the slope calculated from the Carman-Kozeny equation. 

Samples of pastes of cements A and B were cured at 320 F for the express 
purpose of measuring the porosity, «, and a density of the solid phase, P,. 
These measurements were made at the Portland Cement Association Research 
Laboratories, with the following results: 


Cement A Cement B 


€ 


P, 


There is some question concerning the low porosity and low density obtained 
for the paste of cement A compared to that of cement B. It is possible that 
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the paste of cement A had not reached saturation. We have calculated th: 
theoretical slope predicted by the Carman-Kozeny equation from these values 
The equation which we used is 


0.268 ye 1.0132 
P, ) (1 — e)? K 


Ss = 


where 

S = the surface area in sq m per g of the solid phase of the paste 
P,= density of solid phase of the paste 

€ = porosity or the fraction of the volume occupied by voids 

K = permeability in darcy’s, as defined in the paper 


Slopes calculated from the e and P, values were about 0.1 for both pastes. 
The measured slopes from plots of the experimental data were about 0.4 
for both pastes. We feel that the data obtained in the porosity and density 
measurements were fairly typical for high-temperature cured cement paste, 
especially those obtained for cement B. 

The discrepancy between observations and theory with these pastes is 
similar to that between the observations and theory on pastes cured at room 
temperature. There is a question in our minds whether or not the surface 
area measured by adsorption is the same as that of the surface that offers 
resistance to flow of water. It is possible that there are some very fine pores 
in these high-temperature cured pastes. The adsorption surface area in- 
cludes the area of these pores. The water that flows through these struc- 
tures probably flows through large pores but not through the very small 
ones. 

We agree with Mr. Hunt that the study of permeability, surface, and 
porosity of pastes cured at elevated temperatures and pressures would be 
a fruitful field for further research. 

At the present, we feel that one cannot calculate permeabilities of hard- 
ened cement paste from adsorption surface data or vice versa. 

We greatly appreciate the study that Mr. Hunt made of these data. 





Disc. 52-44 


Discussion of a paper by Harold S. Davis, Frederick L. Browne, and Harry C. Witter: 


Properties of High-Density Concrete Made with 
Iron Aggregate 


By JOHN C. KING and BRUCE A. LAMBERTON? 


The authors are to be commended for their excellent technical presentation 
of a specialized subject with which the engineering profession must become 
increasingly familiar within the next few years. Concrete test results at 
best, however, seldom lend themselves to a neat, concise interpretation. Even 
when the scope of the investigation is limited to one or two particular prop- 
erties, the heterogeneous nature of the material is such that comparisons are 
always difficult. This article makes a comparison of eight properties of six 
different concrete mixes in which the only constant is, presumably, the brand 
of cement. Not only do aggregates exhibit an extreme range of characteristics 
but the methods of placement, prepacked and conventional, are so widely 
dissimilar as to make any comparison difficult for the careful analyst and 
nearly impossible for the casual reader. 


Theoretically, the prepacked concrete method offers the engineer greater 
flexibility on high-density concrete mix calculations since workability, that 
great stumbling block to a designer of conventionally-placed concrete, applies 
only to the mortar (approximately 42 percent by volume in this case) used in 
solidification of preplaced coarse aggregates. These aggregates may be pro- 
portioned to suit requirements for density, fixed water, thermal expansion, 
compressive strength, or any special property of particular importance to the 
project at hand. The validity of this theoretical advantage is carefully 


brought out by the authors when they state greater density 


can be obtained more consistently than can be realized using conventional 


”? 


methods.”’ To a casual reader, this conclusion is at variance with the results 
shown in Tables 6 and 8 in which conventional mix D exhibits a unit weight 
of 223.2 lb per cu ft while prepacked mix E, containing generally comparable 
amounts of limonite and magnetite aggregates, exhibits a unit weight of only 
221.8 lb per cu ft. 


It would probably be fairer to the reader if a close comparison of these 
two mixes were made. For example, the ratio by weight of coarse Wenatchee 
magnetite to coarse James limonite in mix D (74.0/47.1) is 1.572. The volume 
of these two materials in mix E is 0.581 cu ft. Using the mix D proportion of 


*ACI Journat, Mar. 1956, Proc. V. 52, p. 705. Disc. 52-44 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
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materials to obtain the mix E absolute volume of solids, we find that a: 
exactly comparable coarse aggregate mix would be 94.0 lb of Wenatche: 
magnetite and 59.7 lb of James limonite, totaling 1.9 lb per cu ft more tha: 
the combination shown. The total weight of mix D components actually 


ference of 0.8 lb per cu ft in favor of the prepacked mix. The unit weight of 
this type of concrete can be varied predictably and consistently from 204.3 
(all James limonite) to 238.6 lb per cu ft (all Wenatchee magnetite), with no 
concern to placement problems, simply by changing coarse aggregate pro- 
portions. This flexibility of design is of great convenience to the engineer in 
tailoring mixes to critical requirements. 

Tabulated results show that the compressive strength of prepacked con- 
crete is invariably lower than that of conventionally-mixed concrete. The 
conclusion is drawn that this is the result of sand gradation. It is true that 
the fine sand used in some higher density prepacked concrete requires a higher 
water-cement ratio than does the sand for normal weight prepacked or high- 
density, conventionally-placed concrete. As in all concrete mix calculations 
the resulting compressive strength is a direct function of water-cement ratio 
and only indirectly a function of sand gradation. Sands suitable for normal 
weight prepacked work have produced strengths of well over 8500 psi at 90 
days on large-scale work. It therefore should not be concluded that the 
nature of the prepacked process using, as it does, relatively fine sands, will 
invariably result in low strengths. Repeated testing has shown that changes 
in sand grading over a wide range have no material effect on compressive 
strength of mortar and concrete specimens when water-cement ratio and 
slump are held constant; although, for conventionally-placed concrete, the 
cement content may be expected to vary inversely with the finesss modulus 
of the sand. In point of fact, field made cylinders of prepacked concrete 
placed at a large high-density project, for which the test work described 
here was a preliminary investigation, consistently tested in compressive 
strength on the order of 5000 psi at 60 days. 





Disc. 52-46 


Discussion of a paper by R. Morandi and F. Piccinini: 


Two Prestressed Concrete Bridges with Hollow 
Girders of Precast Vacuum-Treated Elements 


By W. E. DEANT 


The paper describes construction procedures in which economy of material 
has been greatly emphasized. The construction appears to be structurally 
sound. Working stresses and general design criteria appear to correspond 
closely to American practice as given in the Criteria for Prestressed Concrete 
Bridges published by the U. 8. Bureau of Public Roads. The loading, using 
the closely spaced 12-ton vehicles in the 68-ft span, approximately corresponds 
to AASHO loading H-20-44. Actually, judged by bending moments at mid- 
span, it would be H-21.6 if AASHO impact allowance was used. 

While great economy of material has been realized, whether such a method 
with its heavy usage of plant, equipment, and particularly labor would com- 
pare in over-all economy with some current American methods is question- 
able. Several methods of prestressing that have been used extensively in 
foreign practice have not been successful in the United States because of the 
great amount of labor required to accomplish their results. 

In the Italian design, each of the five hollow ribs contains ten cables, each 
cable being composed of 18 wires. These wires are threaded into the race- 
ways three at a time resulting in 60 such operations per rib. Each of the ten 
cables was stressed three times or 30 stressing operations for each rib. While 
casting of the hollow ribs was adapted to plant production, the assembly 
of the whole structure including the make-up of ribs, casting of slabs, dia- 
phragms, and closing blocks must have required many individual operations 
and an abnormal amount of labor for the amount of material when judged 
by eurrent American methods. 

The Florida Road Department has recently completed a bridge containing 
twenty 72-ft prestressed spans in which the design requirements are quite 
similar to those of the Italian structures. Loading is H-20-44. The spans 
consist of six precast prestressed girders with cast-in-place diaphragms and 
deck. The stressing elements are six high-tensile strength bars, 1/4 in. in 
diameter for each girder. Girders are completely stressed and grouted at the 
age of 5 days or when the concrete reaches a compressive strength of 3600 
psi. They are then ready for incorporation in the complete bridge. There 
are only six jacking operations per girder and each is final. Quantities and 
“‘KACI Journ aL, Mar. 1956, Proc. V. 52, p. 757. Dise. 52-46 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52 
+Assistant State Highway Engineer, State Road Department of Florida, Tallahassee, Fla. 
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costs per square foot for the complete bridge superstructure except handrai 
are: 

Concrete 1.44 cu ft @ $2.40 = $3.46 

Intermediate bars 4.74lb @ 0.14 0.66 

Stressing bars 4.10 lb @ 0.25 1.03 

Steel in shoes and anchors 1.30 lb @ 0.23 = 0.30 


$5.45 


While admittedly more lavish in the use of material than the Italian design, 
a comparison of over-all costs using American labor scales would be interesting 


Several manufacturing yards are presently producing pre-tensioned struc- 
tural members in Florida. Generally pre-tensioning requires larger members 
for the same span and loading than post-tensioning. However, the ability 
to stress large groups of wires and cables more than 400 ft long in one operation 
gives the pre-tensioned member a decided economic advantage that would be 


dificult to overcome in materials savings with more complicated manufac- 
turing methods. 


Costs per square foot of complete bridge superstructures taken from various 
Florida jobs let during the past year are: 
252—48-ft spans. $2.84 
7—53-ft spans . 3.44 
10—36-ft spans 4.53 
1—45-ft spans 5.05 


All of the above spans were designed to carry H-20 loading. 
This discussion is by no means intended as a disparagement of the Italian 
designs but rather to point out a comparison between a design using a mini- 


mum of material and much labor and American practice which tends toward 
a more liberal use of material with a minimum of labor. 





Disc. 52-48 


Discussion of a paper by T. Thorvaldson: 


Effect of Chemical Nature of Aggregate on Strength 
of Steam-Cured Portland Cement Mortars” 


By F. O. ANDEREGG, DALTON G. MILLER, ELMER L. MUNGER, M. SPINDEL, and AUTHOR 


By F. O. ANDEREGGt 


Dr. Thorvaldson’s results with the hydrothermal reaction between some 
form of silica and lime or portland cement confirm many others reported in 
the literature. 

However, when trying to use marble or some other form of calcium car- 
bonate little evidence of any reaction has ever been reported. On the other 
hand the great difference between the thermal coefficient of expansion of 
calcite and of the calcium hydrosilicates from portland cement result in serious 
weakening over the temperature range employed in autoclaving. 

In producing low-density products autoclaving some form of silica mixed 
with lime and/or portland cement, strengths have been obtained approxi- 
mately four times those obtained in 28 days at room temperaturet and, of 
course, the moisture movements are greatly reduced. 


By DALTON G. MILLER§ 


Dr. Thorvaldson’s paper is a valuable contribution to the literature in the 
field of high-temperature steam curing of concrete. He has shown clearly the 
importance of the chemical composition, type, and grading of the aggregates if 
satisfactory strengths are to be obtained. He found that, in general, “Strengths 
higher than those for long-term water curing were obtained on 24-hr auto- 
claving of the 1-day briquets at 150 C only with the aggregates composed 
of free silicon dioxide in its various forms.” 

It is of particular interest to the writer that Dr. Thorvaldson noted a 
regression in strength under some conditions of curing. He attributes this to 
the aggregate, the cement, and the temperature and duration of autoclaving. 
Based on work at the University of Minnesota** a number of years ago with 
eleven different cements, it was found that numerous strength regressions 
occurred in cylinders made with identical aggregates which were steam cured. 
This was true for all cements at some temperature or length of the curing 

*ACI JournaL, Mar. 1956, Proc. V. 52, p. 771. Disc. 52-48 is a part of copyrighted JouRNaAl. or THE AMERICAN 
Concrete Institutr, V. 28, No. 6, Dec. 1956. Part 2, Proceedings, V. 52 

+Deceased. Formerly President, Anderege Laboratories, Somerville, N. J. 

tGraf, Otto, Lecture before the German Concrete Society, 1944. Berlin. 

§Consulting Engineer, St. Paul, Minn. ; 

** Miller, Dalton G., and Manson, Philip W., ‘‘Long-Time Tests of Concretes and Mortars Exposed to Sulfate 


Waters,"’ Technical Bulletin 194, University of Minnesota Agricultural Experiment Station, May 1951 
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TABLE A—REGRESSIONS IN COMPRESSIVE STRENGTHS AT 7 DAYS OF 
VARIOUSLY STEAM-CURED CYLINDERS MADE WITH 11] DIFFERENT CEMENTS 


Length of curing period 
1% hr | 6 hr 24 hr 96 hr 


Cement +38 Curing temperatures, F Totals 


260 | 315 | 350 | 260 | 315 | 350 | 260 | 315 350 | 260 | 315 | 350 


| 1 
1 


D 
H 
M 
AB 
F 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


Totals 11 | 


TABLE B—POTENTIAL COMPOUND COMPOSITION (IN PERCENT) 
CALCULATED FOR THE 11 PORTLAND CEMENTS USED IN THE 
CYLINDERS UPON WHICH TABLE A IS BASED 


Ignition | 
loss 


period. It was the rule, though, that the regressions were followed by a 
pick-up in strength as the curing temperature was increased or the curing 
period was extended. 


In Table A it is shown where the regressions occurred with regard to steam 
temperatures and curing periods for each of the 11 cements. In this table, the 
strengths of the cylinders cured at 212 F have been used as the base and it 
has been assumed that if the strengths of comparable cylinders cured for the 
same time period at 260 F were lower, there had been one regression for that 
cement. Then if the comparison cylinders cured at 315 F for the same time 
period were lower in strength than those cured at 260 F there had been an- 
other regression, likewise for temperature 350 F in relation to that of 260 F. 
In other words, a reversal, as considered here, is a downward strength trend 
based on the next lower temperature for the same duration of the curing 
period. 


The data of Table A reveal that for 132 possible chances of regressions, 
there actually were a total of 67; of which 32 occurred in the curing tempera- 
ture of 260 F, 22 in the curing temperature of 315 F, and 13 occurred at 
350 F. Of the regressions in the 350 F, 12 occurred during the 14- and 6-hr 
curing periods. There were none at 24 hr and only one at 96 hr. These re- 
sults indicate that the curing processes were more nearly stabilized at 350 F 
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than at the lower temperatures, and also that they were more nearly stabilized 
when the curing had continued for 24 hr or longer at 350 F than they were 
for the shorter curing periods. Thus, it is possible that these are the most 
nearly ideal conditions, within the ranges investigated, for autoclaving port- 


land cement concrete products, perhaps irrespective of the type of aggregate. 

The calculated potential compounds of these 11 cements are recorded in 
Table B. All these cements were relatively high in C;A, only one carrying 
less than 8 percent. In other words, only Type I cement are represented 
with the exception of cement C which was barely a Type II. These tests do 
not, therefore, justify ruling out the possible influence of cement composition. 
However, regardless of chemical composition of the cement, it would seem 
that probably the all-important matter in the control of strength regression 
of concrete products cured in high-pressure steam is temperature and time. 

In conclusion, the writer wishes to pay tribute to the pioneering work in 
the field of cements and cement mortars, especially in relation to sulfate 
resistance, that Dr. Thorvaldson has carried on at the University of Sask- 
atchewan for almost 40 years. His work has been outstanding and it is ex- 
tremely fortunate that he is still active and is still making valuable contribu- 
tions on the subject. It is hoped that this will continue to be the case for a 
long time to come. 


By ELMER L. MUNGER* 


A current study of the bonding phenomeng between the water-cement paste 
and the mineral aggregates of portland cement concrete indicates the possibility 
that there may be a relationship between the strength of the bond and the 
amount of ionic character bonding of the oxygen ions in the mineral aggregate. 
This hypothesis was developed from the generally accepted view that the 
cohesive forces within the mineral crystals are strongly ionic in character, 
and the observation that most minerals useful as concrete aggregate contain 
oxygen either as the anion, or as a constituent of an anionic radical. Experi- 
mental data to check certain aspects of this hypothesis are being developed. 

As a matter of interest, this hypothesis was applied to the pure mineral data 
of the author’s Table 1, as indicated in Table C and Fig. A. The average 
value for the author’s three quartz samples was used for quartz; the flint, 
quartzite, and chert were not included because of uncertainty concerning 
both the physical properties of the samples involved, and the extent and 
effect of amorphous silicate material in the intergranular interstices of these 
materials. 

Specific gravities were taken from Winchell.' Where isomorphous replace- 
ment is indicated in ilmenite, chrysolite, and anorthoclase, equal amounts of 
the two elements involved were assumed. The values used are listed in 
column 2 of Table C. 

The gram molecular weights of the various minerals were then computed, 
using the same assumption on isomorphous replacement elements, and, from 


*Assistant Professor, Department of Theoretical and Applied Mechanics, Iowa State College, Ames, Iowa. 
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TABLE C—EFFECTIVE OXYGEN IONS AND TENSILE STRENGTHS 
OF BRIQUETS MADE WITH VARIOUS MINERAL AGGREGATES 


Tensile strengths, psi 
O atoms Percent Effective 
millions ionic O ions 52-hr 52-hr 14-mo 


per sq uw bonding millions contro! with water 
per 8q wu autoclave eure 


545 370 

90 370 

585 730 

155 340 

0 ‘ 200 160 

Ilmenite 4 0.2 5 190 135 

Hematite 3 205 570 

(yanite 205 $15 

Sillimanite 290 655 

Wollastonit 155 445 

Chrysolite 185 355 

Nephelite 210 455 

Albite 18) 25 
Oligoclase 235 

Andesine 240 415 

Labradorite 210 105 
Byvtownite 235 

Anorthoclase 


150 
Microcline 105 


Ch 


hohe hone eo bs 
ws 
Pires 

a 


the specific gravities, the volumes of these gram molecular weights were de 
termined. Applying Avogadro’s number, 6.02 X 10% atoms per gram mole 
cular weight, the average numbers of oxygen atoms per unit volume were 
then obtained. These numbers were converted to approximate numbers of 
oxygen atoms per square micron of surface area by computing the average 
number of oxygen atoms contained in the volume of a sheet 2.8 Angstrom units 
thick over this area, this dimension being the approximate diameter of an 
oxygen ion, as occurring in a crystalline substance. These numbers are listed 
in column 3 of Table C. 

The percentages of ionic character bonding in the various minerals 
computed by the formula: 

n = 16 X (X4 — Xp) + 3.5 K (X44 Xp 
Where n = percentage of ionic bonding 
(Xa Xp = difference in average electronegativity of 
cations, and ol anions 

This is formula (33), p. 134, from Coulson,? and is cited by that author from 
Hannay and Smith. Its application to mineral compounds in this manner is 
indicated by a similar application of an earlier formula due to Pauling, as 
given on p. 9, Ejitel.* The electronegativity values for aluminum, carbon, 
magnesium, oxygen, potassium, silicon, sodium, and sulfur were taken from 
Table X, p. 134, Coulson,? and the electronegativity values for barium, <«al- 
cium, chromium, iron, and titanium were interpolated from the same table 
The percentage values obtained are listed in column 4 of Table C 

Finally, the numbers of oxygen atoms per square micron of surface area were 
multiplied by the percentage of ionic character bonding, giving the values 
designated as effective oxygen ions per square micron in column 5 of Table C 

For ready reference, the author’s tabulation of tensile strengths for the three 
test conditions are reproduced from Table 1 as columns 5, 6, and 7 of Table C. 

Fig. A consists of a plot of these tensile strengths against the numbers of 
effective oxygen ions developed as described above. 
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Fig. A—Tensile strength versus effective oxygen ions 
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There are several approximations involved in this development. The specifi 
gravities of the particular mineral samples involved are not necessarily thos« 
given for average minerals. Natural minerals are, as a rule, not absolutely 
pure compounds conforming to their idealized formulas. The formula given 
above for percentage of ionic character bonding is developed from a con 
sideration of diatomic molecules, so that its application either to polyatomi: 
molecules, or to crystal structures which may be considered in some ways 
as giant molecules, is essentially eXtrapolation. The ions of a crystal tend to 
be concentrated in specific crystal planes, which may or may not be cleavage 
planes. Finally, other effects, such as mechanical interlocking of the hard- 
ened water-cement paste in a more or less porous surface, covalent or metallic 
character bonding effects, other interatomic effects, or chemical reactions 
between cement particles and ions released from the minerals in contact with 
water, may occur singly or in combination to an extent sufficient to neutralize 
or reverse the effect of ionic character bonding. 

However, a consideration of Fig. A appears to indicate some consistent 
relationship between these calculated numbers of effective oxygen ions per 
square micron, and the tensile strength. For each test condition there is in- 
dicated, in addition to the broken point to point line, 15 percent positive and 
negative variations from a graphically estimated average straight line. This 
variation, which is not considered excessive in preliminary data, includes most 
of the values considered. Only the magnesite and sillimanite (lines 3 and 9 
of Table C), are consistently outside the range. The quartz, albite, and 
microcline (lines 1, 13, and 19 of Table C), are each outside of the range twice, 
the albite by a small percentage only in one case. The hematite, oligoclase, 
and bytownite (lines 7, 14, and 17 of Table C), are each out of the range once; 
these latter three, at least, might reasonably be cases of random scatter. It 
is considered worthy of note that the more serious departures from the range 
tend to occur to the left of Fig. A, that is, in the region representing minerals 
of lower effective oxygen ion numbers, where the other effects suggested above 
might be expected to become more significant. 

The original paper is welcomed as an indication that the ionic character 
bonding of the oxygen atoms in the mineral merits careful study in an in- 
vestigation of the bond strength between the water-cement paste and the 
aggregate of portland cement concrete. 


REFERENCES 


1. Winchell, Alexander N., Elements of Mineralogy, Prentice-Hall, Inc., New York, 1942. 
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By M. SPINDEL* 


The information given in the paper is an important contribution on the 
influence of the mineral composition of the aggregate not only on strength but 
also on the durability and other properties of mortar and concrete. 


*Research Engineer and Consultant, London, England. 
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The question of this influence in autoclaving arose at the beginning of this 
century, when the manufacture of the sand-lime brick began in Europe. 
In the book by H. Burchartz, Royal Material Research Station, Berlin, 
Testing and Properties of Sand-Lime Stones, published in 1908, the results of 
tests on these materials were given since they began in 1897, with compressive 
strengths after the manufacture and after 25 cycles of frost. Few indications 
were given on the sand used, which was understood to be of silica, some having 
different proportions of clay. In all tests the percentages of soluble silica 
in the sand-lime brick were given apart from other details. 

Although from this publication, and especially from the literature pub- 
lished by the manufacturers of sand-lime brick, it could have been concluded 
that the sand-lime brick were resistant to frost the writer found that often 
there was lack of such resistance due mainly to the impurities in the sand, 
such as clay, and to a certain degree also to the unsuitable minerals in the 
sand, such as mica. This point of view agreed with others in 1909, both in 
laboratory testing results and in practice. 

The above account of the experience with sand-lime brick is given here 
because later there was, and still is, a similar experience with steam-cured 
concrete made of portland cement. Here the effect of steam curing is more 
complicated than with sand-lime, because of its different effect on the port- 
land cement and on the various types of sand. Up to a few years ago even 
manufacturers of steam-cured concrete with well equipped laboratories denied 
or overlooked the harmful influence of sands having minerals of the wrong 


chemical composition or impurities, although some very good papers were 
published on this matter of which one by R. W. Nurse, ‘‘Curing Concrete at 


Elevated Temperatures,” Building Research Congress, London, 1951, may 
be added to the references given by the author. 

It is very useful that the author and his co-workers, with experience in this 
matter, stated at the very beginning that in their opinion “‘while many physical 
and chemical processes contribute to the effect of high-pressure steam curing, 
the increase in strength was for the most part due to the formation of a ery- 
stalline hydrated calcium silicate formed mainly by the interaction of the lime, 
liberated by the hydration of the tricalcium silicate in the cement, with the 
silica of the aggregate.”” This opinion, which is in agreement with the results 
of other investigations referred by the author, shows that, as far as steam 
curing is concerned, the problem of the aggregates is in principle similar to 
that of sand-lime brick where the aggregate is supposed to be of silica in a 
suitable size for interaction with lime. 

On this occasion the author could not deal with the details of the problems 
arising from the steam-curing of portland cement per se, which are very com- 
plex indeed. From Table 1 giving the tensile strengths of briquets made with 
various minerals as aggregate (1:4 by volume) it may be seen that there was a 
very high superiority of strength with the minerals containing silica, which 
is easily understood. The only great exception was the high strength obtained 
with the mineral magnesite both when steam cured and when cured in water 


N 
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for 14 months. Although the magnesite had 1.4 percent SiO» this could not 
be held responsible for the high strengths obtained with it, and althoug! 
magnesite is not supposed to be an aggregate for concrete the magnesia in th« 
dolomite might be of interest. The writer often found that dolomites giv: 
very high strength as an aggregate in concrete cured in the normal way. Thi 
is also shown in Table 2 of the paper. If the author could give more informa 
tion on his tests with this material it would be much appreciated. 

As far as the feldspars are concerned, which often occur in granites and othe: 
rocks used as aggregate, it might be useful to mention that many feldspars 
of these rocks were found to be already partly deteriorated when fresh from 
the quarry and of course much more when exposed to the air for a long time 
This deterioration might perhaps continue more rapidly during steaming at 
elevated temperature and thus be responsible for lower strengths. With re 
gard to the different minerals and rocks used in various fineness as aggregate 
it may be useful to refer also to the paper by G. M. Smith, “Physical Incom 
patibility of Matrix and Aggregate in Concrete,” ACI JourNAL, Mar. 1956 
p. 791, which might help to explain some of the failures of steam curing with 
special aggregates. 

Without going into further details on the aggregates from the rocks con 
taining feldspars the writer would like to stress the harmful effect of mica 
obtained by crushing various rocks containing it for concrete aggregates 
or even much more to be found in the sands of rivers passing over such rocks 
As pointed out by the writer in his article ‘““The Technology of the Fine 
grain in Concrete,”’ Zement und Beton, Feb. 1956, he removed this mica by 
blowing it away from crushed rock by air pressure or floating it away from 
sands in rivers in 1912. This is now being done with large quantities of aggre 
gates for concrete in the large dams built in Austria. The writer has no ex- 
perience with large quantities of mica in aggregates for steam-cured concret 
and would like the author to give information on it if available. 

Although air is not considered as an aggregate, much of it with a similar 
role is used now in steam-cured concrete, especially for lightweight concrete, 
and therefore the role of entrained air may be considered more important 
than that of many minerals and rocks. For the same reason we might have to 
consider also the influence of other chemicals added as admixtures to steam 
cured concrete, which combine the effect of entrained air with the effect of 
other surface-active agents, and added to concrete for better distribution of 
the cement particles to improve workability, strength, and other properties. 


These chemicals and their effects are described in detail in the paper by M. 
Duriez, ‘‘Les Adjuvants du Beton, Plastifients, Entraineurs D’air et Produits 
Colloideux,” Lecture at Pont et Chaussées, Paris, 1953, and in other publica- 
tions. 


AUTHOR'S CLOSURE 


The extensive experiments of Mr. Miller indicate the great multiplicity of 
factors affecting the strength developed by portland cement mortars and 
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concrete on steam curing. If one considers that the quantity of each chemical 
compound in the cement and in the aggregate, the physical condition of the 
aggregate, the temperature and the duration of autoclaving, and stresses pro- 
duced by thermal expansion* are among the potential variables with processes 
such as hydration, hydrolysis and other chemical reactions, the formation of 
solid solutions, changes in the colloidal state, and the development and dis- 
appearance of crystalline phases playing a part one realizes the possibilities 
for reversals in the tensile and compressive strength. The drawing of general 
conclusions as to causes or mechanisms on a narrow experimental base is 
therefore very dangerous. The tensile strength data, which were usually 
an average of only two breaks, and the conclusions suggested by the writer 
should be viewed in this light. 

As to Mr. Spindel’s question, the writer has unfortunately no additional 
information on the use of magnesite or dolomite as aggregates. Further 
experimentation is necessary before it could be assumed that these materials 
are suitable for the production of durable concrete. There is especially the 
question of volume stability. It is, however, interesting to note the apparent 
essential differences between the behavior of magnesite, quartz, and marble. 
Considering strengths obtained with quartz at room temperature as “‘normal,”’ 
magnesite gives abnormally high strengths for short- and long-term damp 
curing at room temperature as well as in the autoclave at 150 C, the latter 
treatment for 24 hr giving strengths comparable to the corresponding values 
with quartz. However, for long-term damp curing at room temperature, 
the strength with magnesite continues to increase to values well above those 
obtained at 24 hr in the autoclave, while with quartz the long time results 
fall far short of the 24-hr autoclave values, being comparable to those for 
marble cured at room temperature. Marble might be said to give ‘normal’ 
strengths with curing at room temperature and no appreciable increase in 
strength on autoclaving. 

On the basis of these facts one is tempted to speculate that the behavior 
of magnesite is due to a chemical reaction of this substance in the alkaline 
environment of the cement paste with the production of a new solid phase, 
and that the reaction is essentially the same, except for acceleration, on auto- 
claving at 150 C, while with quartz the higher temperature, and other condi- 
tions of the autoclave, are necessary for the strength-conferring reactions 
or processes to develop to an appreciable extent. With marble no reaction 
materially favoring increase in strength occurs in the autoclave. 

The formation of crystalline phases of hydrated calcium silicate in the 
autoclave at 150 C through hydrolysis of the cement compounds and reaction 
of lime with quartz has been well established. The solubility products of 
magnesium carbonate and of magnesium hydroxide are of the order of 10-4 


and 10-"'. respectively. The difference in the solubility would be further 
accentuated due to the high pH of the cement paste. The conditions for the 
solution of magnesium carbonate and precipitation of magnesium hydroxide, 


*Smith, G. M., ‘Physical Incompatibility of Matrix and Aggregate in Concrete ACI Journan, Mar. 1956. 
Proc. V. 52, pp. 791-798. 
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probably as fibrous brucite, would exist at the interface between cemen 
paste and aggregate. In the case of calcium carbonate and calcium hydroxid 
the values of the solubility products are in the reverse order, and no corr 
sponding reaction between the marble and the cement paste is to be expected. 

Mr. Spindel suggests deterioration of the composite rock aggregates throug! 
weathering and the acceleration of this process in the autoclave as the caus: 
of lower strengths. Perhaps it should be stated that the aggregates of Table 2 
and 3 were obtained by crushing unweathered precambrian erratics picked 
out of the glacial till. Dr. Byers reports that “examination of the aggregates 
with a binocular microscope did not reveal any signs of weathering, confirming 
the thin section study” described in the appendix of the paper. However 
the question of ‘‘weathering”’ in the autoclave cannot be answered as no 
microscopic study of the autoclaved briquets was made. 

No micaceous minerals happened to be among the pure aggregates used 
The appendix of the paper gives partial information as to the content of 
micaceous minerals in the rock aggregates of Tables 2 and 3. Dr. Byers has 
kindly supplied the following additional information. 

“Sample 2—Micaceous minerals form about 3 percent of the rock. Of these sericite 
is the most abundant, followed by chlorite and biotite. The sericite is an alteration 
product of the feldspar and the chlorite of the biotite. 

“Sample 4—Sericite is the only micaceous minerai and forms about 2 percent of the 
rock. 

“Sample 5—Biotite and chlorite together form roughly 12 percent of the rock. The 
chlorite is an alteration product of biotite and hornblende. Sericite, the third mica- 
ceous mineral, forms 2 percent of the total constituents.” 

As indicated, there was about 20 percent of chlorite, the only micaceous 
mineral present, in Sample 7. 

Professor Munger’s findings, indicating a rather consistent relationship 
between the calculated values for the “numbers of effective oxygen ions per 
square micron” of surface area of the aggregate and the tensile strength values 
given in Table 1 of the paper, are very interesting. Perhaps a few observa- 
tions would be in order. We had determined the density of the minerals of 
Table 1 by liquid displacement with evacuation at about 21 C. Most of the 
experimental values agree within a few units in the second decimal place with 
those quoted by Professor Munger. There are three major exceptions, namely, 
chromite, hematite, and nephelite, for which our values were 3.87, 3.97 and 
2.66, respectively, as compared to the values of 5.22, 5.3 and 3.76 quoted by 
Professor Munger. 

The minerals falling furthest outside the +15 percent range on Professor 
Munger’s plots are autoclaved quartz, magnesite (all values) and sillimanite 
(all values). As mentioned above, the reaction of lime with quartz on auto- 
claving at 150 C, with the formation of new solid phases, is well established. 
It is of interest that the values for the 52-hr and 14-month curing at room tem- 
perature fall within the limits. In the case of magnesite, the indirect evidence 
for the formation of a solid phase by chemical reaction has been considered 
above. Dr. Byers has examined the briquets and found the magnesite aggre- 
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gate to be cryptocrystalline with a small amount of serpentine. The mag- 
nesite fragments show light colored reaction rims at the surface which are 
more pronounced in the steam-cured briquets. The serpentine crystals 
show no reaction rims. The nature of the rim was not determined due to 
the small grain size. The microscopic examination of the sillimanite briquets 
revealed that the aggregate contains about 20 percent quartz and minor 
amounts of biotite, muscovite, cordierite, plagioclase, and microcline. No 
conclusions should therefore be drawn on the basis of sillimanite. 

Of those falling slightly outside the 15 percent range, it may be significant 
that nearly all, namely albite, oligoclase, bytownite, and microcline are feld- 
spars containing the alkali elements, sodium and potassium. It would seem 
that a further study with minerals of undoubted purity would be of interest. 

We received an enquiry as to the alkali content of the two cements used. 
Determinations by the flamephotometer method gave: No. 627, NasO = ( 
percent; K:O = 0.77 percent; No. 729, Na,zO = 0.10 percent, K,O = ( 
percent, both high by present standards. 


» 
~ 
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Discussion of a paper by G. M. Smith: 


Physical Incompatibility of Matrix and Aggregate 
in Concrete™ 


By JODEAN MORROWTt 


The author has presented an analysis designed to show the qualitative 
influence of the significant variables on the durability of concrete subjected 
to oscillating temperature. Such treatments of complex problems are useful 
especially if the final form of the equation lends itself to graphical representa- 
tion. The equations obtained by the author involve nine variables, forcing 
the author to assume values for seven of these to plot a two-dimensional 
graph. 


A more general graphic presentation is possible if the number of variables 
can be reduced. This can be done by forming dimensionless products of the 
variables. f 


By algebraic manipulation of the author’s Eq. (6) and (11) the following 
dimensionless form is obtained: 


The variables have been reduced from nine to five. By assuming U. = 0.15 
and U, = 0.20, the variables may be further reduced to three, permitting 
the construction of Fig. A and B. 


*AC I ‘Jou RNAL, Mar. 1956, Proc. V. 52, p. 791. Disc. 52-50 is a part of cop: »yrighted JOURNAL OF THE AMERICAN 
Concrete InstituTe, V. 28, No. 6. Dec. 1956, Part 2, Proceedings V. 


< 52. 


tResearch Associate Departme nt of Theoretical and Applied Mechanics, University of Illinois. Urabna, Il 


tLanghaar, H. L., Dimensional Analysis and Theory of Models, John Wiley and Sons, Inc., New York, 195! 
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Fig. A and B have the same general form as Fig. 3 and 4, and would lead 
one to the same conclusions as the author reached. These figures have the 
added advantage, however, of showing the effect of variables which the author 
was forced to treat as constants, thus giving a more general and complete 
picture of the phenomenon. 











Disc. 52-52 


Discussion of a paper by Roy R. Clark: 


Bonneville Dam Stilling Basin Repaired After 
17 Years’ Service’ 


By GEORGE GERDES and AUTHOR 


By GEORGE GERDEST 


The writer was engineer-in-charge of design at Bonneville Dam and has 
subsequently been interested in the working out of the various design con- 
cepts, some of which were original with that structure. Bonneville was an 
undertaking of considerable magnitude in at least two respects, both of which 
are related to the stilling basin. 

One was the unprecedented cofferdamming of a river of the first magnitude 
with deep foundation and cofferdam placement in water up to 40 ft deep 
with velocities up to 18 fps. A legacy of this deep foundation has been the 
inability to unwater the stilling basin without considerable effort and cost. 

This was the first attempt to construct an overfall spillway in a river of 
the first magnitude upon foundation rock of poor quality with the principal 
reliance for safety placed on a concrete stilling basin. These problems loomed 
large in the minds of the designing, engineering, and consulting staff and the 
examination of the stilling basin after unwatering has attested the substantial 
success of the original design and construction. 

The writer has no comment upon the work of unwatering, the investigations, 
and methods used to repair and extend the life of the baffle piers other than to 
observe that this work has been skillfully and competently done and that the 
author has given a clear account of the careful and thorough study directed 
toward the improvement of the baffle pier design and the quality of the con- 
crete to the utmost degree. It is believed that after these repairs, the baffle 
piers and deck will possess considerably greater durability than the original, 
permitting an estimated period of perhaps 40 years as compared with the 
first cycle of 20 years before repair work may again become necessary. 

In passing, it is interesting to note that the floating caisson concept has 
apparently not been successful enough in operation either here or at Grand 
Coulee to warrant much encouragement on future projects. The difficulties 
of operation and the limited working ability within the caisson are the prin- 
cipal reasons for this. 

The adopted stilling basin design represented a choice between two con- 
flicting lines of thought in the several consulting board meetings preceding a 


*ACI Journat, Apr. 1956, Proc. V. 52, p. 821. Disc. 52-52 is a part of copyrighted JouRNAL OF THR AMERICAN 
Concrete Institute, V. 28. No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
tKaiser Engineers, Oakland, Calif. 
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decision. The adopted design consists essentially of a high apron with con 
crete blocks to break up the high velocity current filaments adjoining the 
stream bed. As may be seen from Fig. 1, a rather poor hydraulic jump is th 
best obtainable. 

The alternate choice considered would have been to place the apron at ; 
lower elevation, as may be seen from Fig. 1, and to rely principally upon a 
sill, either dentated or continuous, at the downstream end of the apron to 
deflect the erosive bottom velocity filament. The stream bed is a weak rock 
principally volcanic tuff. This is easily susceptible to erosion. Model tests 
at the time showed that the hydraulic jump would be far from perfect. How- 
ever, in retrospect, I believe that the lower apron elevation would have take 
less service punishment from the flowing water. 

The original design report and present redesign of the baffles illustrate a 
persistent contradiction in hydraulic thought. This is the difficulty encount- 
ered in using baffles or steps (as distinguished from trajectories) to resist 
destructive forces of the water, while at the same time attempting to stream- 
line the baffles so as to be as little subject to self-destruction as possible 
This conflict is irreconcilable. It is fortunate that quality of the concrete, 
both old and new, is such that progressive destruction is at a minimum. A 
great deal of engineering thought, well described by Mr. Clark, has gone into 
the development of superior concrete and other means to retard the pro- 
gressive destruction which must sooner or later culminate in repair. 

The original cost of this structure approximated $15,000,000. The present 
replacement cost might be $50,000,000. Over-all, the expenditure of approxi- 
mately 2 percent of that sum after 20 years operation figures out at 0.10 per- 
cent per year. While the search for progress toward perfection can-and should 
continue it is believed that provision for occasional repairs and replacements of 
approximately the magnitude indicated would be a proper inclusion in budget- 
ing annual expenditures for structures of this type and magnitude. 


AUTHOR'S CLOSURE 


As Col. Gerdes states, there is not much more to be said about the subject, 
namely the condition of underwater concrete and what was done about it, 
except as he stated, the improved surface quality of the concrete should give 
greater life than the original. As to the general design of the Bonne- 
ville ‘illite ete this district has recently designed and constructed two 
other stilling basins for dams in the Columbia River which will pass almost 
as much water as the Bonneville stilling basin, namely the Dalles Dam now 
nearing completion, the McNary Dam completed a few years ago. These 
stilling basins are r and longer than the Bonneville stilling basin. One 
row of baffles isuged in each but of a different type. 

It will be of interest to continue study of this spillway which, so far as the 
author is able to determingggpas passed and will continue to pass the greatest 
volume of flood water of any spillway yet built. 





Disc. 52-53 


Discussion of a paper by Max W. Strauss: 


Design Constants for Beams of Variable Section® 


By REIDAR K. FORMO, ROBERT V. HAUER, and HERMAN TACHAU 


By REIDAR K. FORMO+ 


In the opinion of this writer an approach through the area-moment theorems 
does not result in a satisfactory approximate method for obtaining design 
constants and fixed-end moments for members to be analyzed by means of 
moment distribution. It is believed that this is amply illustrated by the 
author. Aside from being rather time-consuming, a serious objection to the 
author’s method would be that it requires an accuracy not obtainable by 
means of a slide rule. 

H. Cross and N. D. Morgant have presented a method based on the prin- 
ciples of column analogy which is, in the writer’s opinion, much to be pre- 
ferred to that of the author. The method itself is not much more than the 
application of the column analogy. An introduction to the principles of column 
analogy shall not be attempted since there exists a wealth of information 
about the subject. Cross and Morgan, in their examples, choose to use a 
straight process of summation in arriving at the different quantities. The 
writer suggests the use of Simpson’s rule where the J and/or M vary, since 
the accuracy is markedly improved with little sacrifice in expediency. 


4 


For demonstration purposes the author’s example will be used. Fig. A 
shows a tapered rectangular beam of uniform width, 6 = 12 in., subjected 
to a uniformly distributed transverse load, w = 1 kip per ft. The span will 


*ACI Journat, Apr. 1956, Proc. V. 52, p. 839. Disc. 52-53 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete Institute, V. 28, No.-6, Dec. 1956, Part 2, Proceedings V. 52 

+Structural Engineer, George X. Fuller Co., New York, N. Y. ; : 

tCross H., and Morgan, N. D., Continuous Frames of Rein forced Concrete, John Wiley and Sons, Inc., New York 


1932, 12th printing, 1951. 
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be divided into four equal parts. For computational purposes J,, will be s 
equal to y’. 
(a) Determine “elastic center’’ of the analogous column section: 


L 
> (21/y*)dxy 
0 


L 


_» ( l y® dz, 


0 


0 


> by [ = by 
\Simpson’s rule Simpson’s rule 

0.216 | 0 

0.444 | 4.44 

0.128 2.56 

0.160 4.80 
0.027 1.08 


wrrmrno- | 


0.975 | 12.88 


z= — (12.88/0.975) = — 13.2 ft 


The “elastic weight” of the analogous column section is also obtainable from 
the above computations. Let elastic weight be denoted A., then 
(1/3) (40/4) 0.975 = 3.25 
(b) Determine: 
“Elastic moment of inertia’ of analogous column section, (Jy) 


L+z 
(E/12)Iy, = D> (2*/y®)dx 


oa 
“Elastic load” of analogous column section, (W,) 


L+#z 
(E/12)W. = So (M/y')de 


t= 


‘ 


‘Elastic moment” of analogous column section, (M,) 


L+2 
(E/12)M.= > (Mzx/y*)dz 
z 


1/y?, ft |M, ft-kip 2 5 M/y3 


0.216 0 , 5 ‘ 35 0 
0.111 150 ; 56 16.65 
0.064 200 2.96 | 5.92 12.80 
0.040 150 : |} 6.00 
0.027 0 ( 19.40 | 0O 


112.65 





DESIGN CONSTANTS FOR BEAMS 
(E/12)Iyy (1/3) (40/4) 112.65 = 375 
(E/12)W, (1/3) (40/4) 116.2 387.3 


(1/3) (40/4) 364.0 = 1210.3 


(c) Determine design constants—For unit rotation at A, apply unit load on 


analogous column at A. The stiffness at A (K,) is defined as the moment re- 
quired to rotate that end of the member an angle of unity while the other end is 
held fixed. 
The conventional formula for an eccentric loading is 
f= P/A = Me/I 


For a unit load applied on the analogous column section 


1/A,.+2-2/Iy, 


which gives 


K, = (E/12) [1/3.25 + (—13.2) (—13.2)/375.5] = 0.772(£/12 


K, = k, (EI./L) 


where k, is the stiffness factor and J. is moment of inertia of the section of 
minimum depth. Then k, = 6.69. 
Restraining moment at B due to a unit load at A is 


M, = (E/12) [1/3.25 + (—13.2) (26.8)/375.5] = 0.634( 2/12 


|= < 


which will give a carry-over factor (c,) of ¢, = M,/Ka = 0.821. A sign 


convention calling clockwise moments positive will be adopted, hence, c, = 
0.821. 


Likewise for the B end of the member, 


'/12) [1/3.25 + (26.8) (26.8)/375.5] = 2.22(B/12 


which will give k, = 19.25. Restraining moment M, will be equal in magni- 


tude to M,, and the carry-over factor from B to A will be ce = 0.285. 
(d) Determine fixed-end moments due to load: 
Ms W./Ae + M.2/ly 
387.3 3.25 + 1210¢ ~13.2)/375.5 = 76.6 ft-kip = () 048wL 
A-+ M.(L+2)/Iy 


= 387.3/3.25 + 1210( +26.8)/375.5 = 205.5 ft-kip= 0.128w1 
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(e) Determine fixed-end moments due to settlement of supports: 


Ma = kal + ca) (6EI./L*?) = 12.2(06E1,/L? 
Me, = b(1 +o) (6EI./L?) = 24.7(6ET./L? 


(f) Evaluation of results—The answers obtained above will now be compared 
with (1) those that had resulted if the span had been divided into six parts 
(2) those that are representing the author’s method, and (3) those that appea 
in the Portland Cement Association’s publication Handbook of Frame Con 
stants. The data obtained in the latter will be regarded as the exact answers 


Stiffness Carry-over 
factors factors 


ka bi ‘ ¢ 
Column analogy /4 parts 6.69 2! 0.821 0.285 
Column analogy /6 parts 6.86 ¢ 0.833 0.294 
Moment area /Strauss 6.99 0.838 0.298 
PCA 6.86 0.834 0.294 


Percentage errors based on PC 
4 parts { om 1.6 3.1 
6 parts 0.3 0.1 


Strauss ( 0.8 0.5 1 4 
PCA 0 0 0 


Method based upon conjugate beam 

The following method was arrived at while closing this article, and 
indicated above it is derived from the area-moment theorems. Howeve! 
the assembly is quite different from that of the author and it will therefor: 
be of interest to include it in this discussion. 


(a) Stiffness factors and carry-over factors—Let A denote the summation ol 
the M/EI diagrams (Fig. B). 
K, and C,: 


L L 
A, = )) (K./EI)|(L — x)/x|dz = (Ka/E) > (dx/I — rdx/IL) 


L 


As = > (K.C./EI) (2/L)dz = (KoCa/E) >, (xdzx/IL) 
L ° 
Ayr, = (Ka/E) > (adx/I — x*dz/IL) 


I 
Aer, = (KaCa/E) >> (x°dx/IL (4) 


x, may be found from Eq. (1) and (3), and x, from Eq. (2) and (4). Then, from 
conjugate beam: 


> M about A = 0 Aid 


> load = 0 
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C’, may be determined from Eq. (5) and K, from Eq. (6). 

K, and (,: 

To obtain these constants let A be the fixed end and B the simply supported 
end on the real beam (Fig. B). Apply a moment of K, at B which will create 
a resisting moment of K,C, at A, then 


»,/E) > (dx /I — xdx/1L 


where B, and Bs are summations of the WV, // diagrams (refer to A; and As). 
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Then, from conjugate beam: 


> MaboutB =0 —B,(L— 2) + BAL — 2) =0 
es load = Q B, —_ B, —1l1=0. 


C, may be determined from Eq. (9) and K, from Eq. (10). 

(b) Fixed-end moments due to load—Let w denote the intensity of a uniform 
loading over the entire span and A, as before, the summations of the M/E/ 
diagrams (Fig. C). 

L L 
A; = > (wr/2EI)(L — x)dx = (w/2E) ys (Ladx/I) — x*dx/T) (11) 


0 


Eq. (11) must of course represent whatever loading condition that exists. 


I L 


A, = > (M,/EI)((L — x)/L] dz = (M./E) > (dx/I — xdx/IL)... .(i2 


L I 
As = > (M./EI) («/L)dz = (M,/E) > (xdx/IL) 


L 
Asts = (w/2E) > (La%dx/I — x%dx/]) 


Then, from conjugate beam: 


> M about A = () Asx; = Agr + Aso 


> load = 0 A; = Ag +A; 
Eq. (15) and (16) will yield two simultaneous equations in M, and M,. 
By inspection it will be found that Eq. (1) to (16) inclusive contain one or 


more of the following quantities: (dx/I), (xdx/I), (a*dx/I), and (x*dx/I) and 
will therefore lend themselves readily to a tabular solution. 


Illustrative example 

The following example will be based upon the identical beam that was used 
previously in this report. The span will be divided into four equal parts. 
For computational purposes /,, will be set equal to y’. 


(a) Tabulation (by Simpson’s rule): 


<< 


a | to 
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(b) Evaluation of quantities: 


dx/I (1/3) (10) (0.975) 
xrdx/I (1/3) (10) (12.88) 
Ladz/I (40) (42.93) 
rdz/IL (42.93) /(40) 
rdzx/I (1/3) (10) (282.8) = 942.7 
La?dz/I (40) (942.7) = 37,700 
xdzr/IL = (942.7) (40) = 23.6 
r'dz/I (1/3) (10) (7516) = 25,053 
Eq. (1) and (3): 
x (42.93 — 23.6)/(3.25 — 1.073), 
Eq. (2) and (4): 
cm (23.6) /(1.073) 22.00 ft 
Kq. (5): 
(K./E) (3.25 — 1.073) (8.88) — (KaC./E) (1.073) (22.00) = 0 
which gives C, = 0.818. 
Eq. (6): 
(K./E) (3.25 — 1.073) — (KaCa/E) (1.073) — (1/12) = 0 


which gives K, = 0.77 (£/12). Since K, = k, (EI./L), the stiffness factor 
becomes k, = 6.69. 


Eq. (9): 
— (K,/E) (1.073) (40 — 22) + (K.C,/E) (3.25 — 1.073) (40 — 8.88) = 0 
which gives C, = 0.285. 
Kq. (10): 
(K,/E) (1.073) = (KC,/E) (3.25 — 1.073) — (1/12) = 0 


which gives K, = 2.22 (£/12), and the stiffness factor becomes k, = 19.25. 


I,, was set equal to y* for computational purposes. However, its real value 
is (1/12) by?, where b = 1 ft; hence Eq. (6) and (10) have to be multiplied 
by 1/12. 


(c) Fixed-end moments due to load: 
Hq. (15): 


(w/2E) (37,700 — 25,053) = (M./E) (3.25 — 1.073) (8.88) + (M/E) (1.073) (22) 
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Eq. (16): 


(w/2E) (1717 — 942.7) = (M/E) (3.25 — 1.073) + (M,/E) (1.073) 


Solving the above equations give: M, = 0.048 wl? and M, = 0.128 wL?. It 
will be found that the stiffness factors, carry-over factors, and the fixed-end 
moments obtained above correspond exactly with those found by means of 
the column analogy method, with the exception of a small difference in the 
value of C,. 


Discussion 

The two methods based on the column analogy and the conjugate beam 
have several things in common. They offer a physical analogy as to the 
solution of the problem, which gives the designer a far better command over 
the procedure. Consequently he can quite easily adjust the methods to the 
particular problems at hand, such as taking full advantage of the geometry 
of the member (beam) — for instance, in a case of symmetry, or where the / 
may be constant over parts of the span. The degree of accuracy can readily 
be adjusted to that of the problem (z.e., the number of parts into which the 
span is divided). Four parts would be entirely satisfactory for a preliminary 
design, indeed, it may be so even for most final designs. 


Neither of the two are dependent upon lengthy prepared tables, the only 


prerequisite being an understanding of either of the two principles and, of 
course, a slide rule. 

Of the two methods, the one based upon the principles of column analogy 
is preferable. Possibly its chief asset is the minimum of preparatory manipu- 
lation that has to be done. 

The use of Simpson’s rule obviously improves the accuracy significantly, 
with no loss in time. The approach used by the author where he establishes 
an average J within each slice is rather cumbersome, and the result—consider- 
ing ten parts—is rather disappointing. 

Lastly, for checking the carry-over factors and stiffness factors, the author 
uses the relation that %.c, = kecy. Even though this equality is obtained, the 
only thing it proves is that the solution is consistent within itself. The above 
relation may better be thought of as Maxwell’s law. 


By ROBERT V. HAUER* 


The method of computing the design constants of beams with variable 
section as published by the author is certainly the most general way of dealing 
with the problem in question, as it can be applied to members of any shape. 
However, this method is not exactly new. The writer has known and used 
it for many years and described it briefly in a discussion of another paper 
dealing with the same subject.f In his discussion of this article the writer 
stated: 


*Structural Engineer, Albert Kahn Associated Architects and Engineers, Inc., Detroit, Mich. 
tTsai, Fang-Yin, “Flexural Constants of Haunched Beams by Area Computation,” Transactions, ASCE, V. 114, 
1949, p. 1233. Discussion on p. 1266. 
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“The writer believes . . . that Professor Tsai’s method cannot compete in con- 
venience with another method of computing angle changes, a procedure which, like the 
author’s method, is based on some preparatory work eliminating the necessity of plot- 
ting the various //J diagrams, but has the great advantage that the preparatory work 
needs to be done only once. 

“Briefly outlined, this scheme consists of dividing the beam into a number of equal 
parts (say, ten) and attributing to each section a constant reciprocal moment of inertia 
equal to its average value in this part. If this is done, the integral representing an angle 
change for a certain loading condition can evidently be expressed as a sum of ten terms 
with numerical coefficients that can be evaluated and tabulated once and for all and used 
for a beam of any shape. The actual computation of an angle change then simply con- 
sists of multiplying a set of tabulated figures with the respective 7,/7 values of the beam 
in consideration and summing up, which is a very convenient and relatively time saving 
operation.” 

The method described in this quotation is evidently identical with the 
one presented by Mr. Strauss. 

As to the moments of inertia to be attributed to each part of the beam, it 
may be pointed out that it is better to average the reciprocals of the moments 
of inertia rather than the moments of inertia themselves. This can be readily 
seen in the case that one of the sections into which the beam is divided is con- 
posed of a part for which the moment of inertia can be considered infinite and 
a part with a finite J. The average moment of inertia would then be infinite 
also, whereas the average 1/J would be different from zero, which is in accord- 
ance with the fact that the part in consideration still has some flexibility. 


The method can be extended in several ways. The coefficients of S; and Sp 


for loading by an external unit moment should be included in a more complete 


set of tables; also the formulas for stiffness and fixed-end moments, in terms 
of a, b, and S, for members with one end hinged would be useful. Other 
valuable additions are the expressions for the stiffness of a symmetrical beam 
subjected to simultaneous symmetrical or antisymmetrical slopes at both 
ends, for the lateral stiffness of a member (required shear to produce a unit 
translation of one end with respect to the other with no joint rotations), and 
for the fixed-end moments due to a unit shear. For those cases in which it is 
preferable to use the method of redundant forces or the method of least work 
instead of the slope-deflection method or moment distribution it will be found 
helpful to have a table of the integrals far. M,) (1./I) dz, where one of the 
moment diagrams is a triangle, rectangle, or trapezoid. If the second moment 
diagram is also triangular, rectangular, or trapezoidal, or if it corresponds to a 
loading condition for which the coefficients of S; and Sz are tabulated, all 
these integrals can be expressed in terms of design constants a, 6, and S. 


By HERMAN TACHAU* 


A useful, time-saving short-cut for computing beam constants and mo- 
ment coefficients for members of variable section is presented by Mr. Strauss. 
His paper merits study by all who deal with indeterminate structures. 


*Bridge Designer, New Mexico State Highway Department, Sante Fe, N. M. 
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The author emphasizes the approximate nature of the method. Thus, the 
casual reader might infer that all other methods entail involved mathematica! 
operations. But, this is not so. 

A fairly simple method devised by George E. Large some 25 years ago’ 
can be used to solve the problem under consideration. As a matter of fact 
the author’s procedure may be regarded as an improvement on Large’s method 
Recently Hanson and Wiley? published a method which is, in essence, identica! 
with Mr. Strauss’ method. In addition, Newmark’s numerical method lends 
itself to the analysis of variable members, as has been pointed out by Gossard.’ 
Of all these methods, the author’s paper is most easily comprehended, and 
it is presented in a clear, concise manner. 

In actual practice, a great many cases are being solved by tabulated design 
constants. The Handbook of Frame Constants, mentioned in the author’s 
bibliography, contains the most complete compilation of such design tables. 
To augment these tables, the Portland Cement Association has recently 
published design constants for beams* having shapes as shown in Fig. D. 
Attention is also called to excellent tables by Hickerson® and Amirikian® 
which are readily available to the public. 

Further, it should be pointed out that the shape of the haunch used in the 
calculations need not agree precisely with the actual geometry of the finished 
structure. This point has been studied by several writers. A complete study 
of fitting moments of inertia has been made by Weiskopf and Pickworth.’ 

However, it is often desirable to check tabulated values by independent 
calculations; and, besides, there are many cases which can not be handled 
by use of published tables or curves. That is where this paper will be most 
helpful. 

Eq. (4), (5), and (6) for stiffness and fixed-end moments contain the term 
(a, de — b?). As a simplification, for the convenience of the user, it is sug- 
gested that Eq. (4), (5), and (6) be rewritten as follows. Let a, ag — b? = c 


Then 


wv 
Ww). 
. 


Siar — Spt 
Meo (WL)... 


c 


M, =“ (#2) e 
c L 


ua o= (Ht). * 
c L? 





DESIGN CONSTANTS FOR BEAMS 





Eq. (c) and (d) have the advantage [ 
of avoiding awkward negative values 
occurring in the numerator and de- 
nominator of Eq. (5) which they 
replace. 











The analysis of continuous beams 
and rigid frames can be shortened by 
treating hinged-end members as such. 
When the left end is simply supported 
(or hinged) and the right end is fixed, 
Eq. (g) to (j) may be used. 











EI,A fs 
Mr = -= Kp 
ai L L 


The bar denotes that the quantity applies to a hinged-end member. Simi- 
larly, when the right end is hinged: 


All these equations make use of the coefficients given by the author in Tables 
3 and 4. In Eq. (j) and (n) the sign of the fixed-end moment may easily be 
determined by inspecting a sketch of the deflected beam. 


As a check, one can substitute a, = ag = 1/3 and b = 1/6 in the above 
equations, and thus one obtains the following expressions for members with 
constant J: 


3E!I 


K, or Kr = L 


WL 
M, or M; = — 
3EI,A 


M, or Mr = I : 
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The totals for each column in Table 4 may serve as a valuable check. They 
are values of S; and Sp for prismatic members, and these values are easily 
determined by independent calculations. For various positions of the con 
centrated load the following totals may be inserted in Tables 4a and 4b: 


0.1 0.2 0.3 0.4 
| EE 
| } 


0 0595 0.0480 | 0.0285 


| 0.6 | « 0.8 | 0.9 
0.0165 | ~ 0.0320 L 0.0455 al 0.0560 0.0625 | 0.0640 7: 

| a } 

| 4 | 


Sr | 0.0285 “0.0480 “0 0595 “0. 0640 | 0 0625 0.0560 0 0455 0.0320 | 0.0165 


Similarly, for Table 4c one obtains the following totals: 


Column (2) ) and (3 (4) and (7) (5) and (6) 


Szor Se 0. 4167 ~ 1/24 | 0.3889 = 7/180 0.4444 = 2/45 


As has been indicated by Hanson and Wiley,? this method may be ex- 
tended readily to the calculation of deflections. The values of az, ap, b, Sz, 
and Sp are actually relative values of the end slopes. The paper by Hanson 
and Wiley contains several tables of coefficients for deflections produced by 
various loadings. 

In the author’s example J,/J, values are shown to two significant figures. 
The writer carried out the calculations in Table 3 using three significant figures 
for I,/I, and checked the final results exactly. This demonstrates an im- 
portant point. It appears to be sufficient to compute J,/J, to only two sig- 
nificant figures, and the entire computations can safely be worked out by 
slide rule. 

To check the accuracy of the method, the author’s example is compared 
to other values in Table A. The column labelled PCA was taken directly 
from Table 52 of the Handbook of Frame Constants. The column marked 
Amirikian was computed from tabulated constants in reference 6. And, the 
last column was computed from flexural constants given in Table 1 of the 
paper by Morrison.* Morrison’s values are mathematically exact. 


TABLE A—COMPARISON OF BEAM CONSTANTS 


Function | Strauss PCA Amirikian Morrison 


0.834 0.836 0.854 
0.294 0.295 0.294 


6.86 ). 86 6.386 


19.61 19.46 9.46 19.42 


M1/WL 0.0540 =| = (0.0529 
Ma/WL | | 0.1216 
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Disc. 52-54 


Discussion of a paper by Arthur P. Clark: 


Cracking in Reinforced Concrete Flexural Members’ 


By P. W. ABELES, L. P. BRICE, and K. HAJNAL-KONY! 


By P. W. ABELESt 


Mr. Clark’s paper contains very interesting test results which, however, 
may give rise to some controversy. Several points ought to be clarified. 
First of all, it is important to state that it is not the average width but the 
maximum width of a crack which matters, and it appears very doubtful 
whether it is possible to determine the maximum crack width by a formula. 
There are several investigations relating to the average distance of cracks 
and their average width, for example, that of the author and that by Professor 
Riisch in a recent paper.' However, if the maximum width is considered, the 
conditions are much more dependent on the workmanship and detailed con- 
struction, and it is difficult if not impossible to express this on general lines 
from certain data, embodied in the formulas, as the steel stress f,, the ratios 
(h—d)/h and D/p, the percentage p and coefficients (dependent on the bond 
strength and tensile strength of concrete and the distribution of the bond stress). 
The shape of the cross section is also of utmost importance. The occurrence 
of cracks will be further influenced to a certain extent by the provision of 
stirrups where cracks will develop first, and the strength in the weakest part 
of the construction will affect the width of a crack. Consequently, it is in the 
writer’s view impossible to use the same formulas even for average width and 
distance of cracks for cross sections of different shape (e.g., shallow slabs, 
rectangular beams, I-shaped beams, etc.). 

The conditions become even worse with regard to the maximum width and 
consequently some variations in the maximum width would have to be ex- 
pected. They are surprisingly high in the test results for specimens of the 
same cross section, for which the main relations mentioned in Eq. (1) and (2 
by the author are the same. For example, the two specimens 15-6-8—3 and 
15-6-8-4 have, under a stress of 40,000 psi, widths of 0.01092 and 0.02083 
in., z.e. in the one case it is 1.91 as wide as in the other, although in both cases 
(hk —d)/h, D/p, and p are the same, and the concrete strength varies only 
slightly (3,690 and 3,750 psi). Similarly, the maximum widths for speci- 
mens 6-15-7 at a steel stress of 45,000 psi are 0.00837 and 0.01668, 7.e., one 
is double the other, and again all factors are in both cases identical and the 


*AC] JournaL, Apr. 1956, Proc. V. 52, p. 851. Disc. 52-54 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Instrruter, V. 28, No. 6, Dec. 1956, Part 2, Proceedings, V. 52 
tConsulting Engineer, London, England. 
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concrete strengths are nearly equal (3870 and 3850 psi). In one instan 
the ratio of maximum to minimum width is as much as 3, but in this case thi 
great discrepancy occurs only at the maximum stress and is appreciably les 
at lower steel stresses. 

Thus it appears impossible to set up a satisfactory formula for maximu: 
width of crack since discrepancies may occur even for equal specimens. How 
ever, it is surprising that these differences are as high as shown in the paper 
which might be explained only by great difference in workmanship or by 
different assessment of the maximum width. 

Another point which ought to be contradicted is the statement of th: 
author that a compressive strain occurs between adjacent cracks before a 
new crack develops there. This is presumably based on unpublished data 
obtained from tests “in which cracks were induced to form at predetermined* 
places.” The occurrence of a compressive strain between cracks would be a 
phenomenon in gross disagreement with any observations so far made which 
indicate that the concrete tensile resistance fully cooperates between the 
cracks as long as the bond is destroyed only in the immediate neighborhood 
of the cracks. Obviously, before cracking there must be high tensile stresses 
and a compression appears quite impossible. By the formation of cracks 
“at predetermined places,” 7.e., by interrupting the continuity of the bond 
from the very beginning, an untrue state has been provided. The writer of 
this contribution knows of similar tests which were supposed to simulate the 
behavior of cracks in a flexural member, and in this case the results were 
different from those in a monolithic member in which the cracks developed 
only after the flexural resistance of the concrete was overcome. 

With regard to the question of when cracks may become dangerous from 
the point of view of corrosion, it may be pointed out that now generally 
widths of 0.008 in. to 0.12 in. are considered harmless.'!:?) The writer would 
like to refer to his own investigations some 20 years ago when these values 
were shown.* Obviously, these values depend on a minimum cover of say 
34 in. to 1 in. With greater cover and with greater values of (h — d)/h, 
obviously a greater maximum width at the outer tensile fibre would be pos- 
sible, resulting in the same width at the position of the reinforcement. On 
the other hand, an increase in cover would be useless if the concrete were 
porous, in which case a current would be caused due to cracking, but crack- 
ing would be consequent on current. 

From the widths given in Table 2, it can be seen that cracks wider than 
0.012 in. occurred only at a steel stress of 30,000 psi in specimen 15-$-8-3 
and at a steel stress of 35,000 psi in specimens 15-6-10-1 and 15-6~-10-2, 
23-6-10-1 and 23-6-10-2, and 23-6-11-1. However, in these cases the per- 
centage per bar of the reinforcement was greater than 1 percent. 


From this it can be concluded that steel stresses as high as 35,000 psi are 
not dangerous, provided that sufficient reinforcing bars are available. Crack 
width is reduced by a good distribution of the tensile reinforcement, as well 
” *The writer's italics. 
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known, and an arrangement in which a single bar represents 1 percent of the 
tensile reinforcement would not be expected in a good design. 
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By L. P. BRICE* 


I have carefully studied Mr. Clark’s interesting results relative to the 
cracking of reinforced coiicrete flexural members and I have compared the 
results with the theory of cracking of reinforced concrete members which I 
have developed over a number of years (see references). 

Fig. A and B compare the results calculated by the formulas of the writer 
and tests of Mr. Clark. 


The theory which I have established presents the general characteristics, 


that is to say, it does contain only a limited number of data, depending totally 
on the dimensions of the members and on the characteristics which define 
the bond of steel in the concrete. The formulas apply accordingly to any 
specimen whose characteristics may be expressed in any unit system, since 
said formulas are homogeneous. 


NOTATION 


= tensile strength of concrete, psi forcement, in. 
stress in reinforcement, psi = overall depth of beam or slab, in. 
compressive strength of concrete, psi crack width, in. 
modulus of elasticity of steel average spacing of cracks, in. 

= modulus of elasticity of concrete diameter of reinforcing bar, in. 
total section of crossed by a 


= cross sectional area of reinforcement, 
~ the steel diameters 


possible crack. sq in. 

total widths of Through loosen- = lever arm, in. 

the concrete ing of steel bars, correction to calculated unit steel stress 
distance from compression face of beam due to tension carried in concrete 

or slab to centroid of longitudinal rein- 


CALCULATIONS 


1. Stress in steel—Fig. 6 shows that the average stress observed in the steel 
is less than that calculated by ordinary methods. This is anticipated by our 
theory which shows that part of the force is absorbed by the concrete. 

’ 


*Engineer, Ecole Centrale des Arts and Manufactures, Paris, France. This discussion is a translation from the 
French original submitted by Mr. Brice. 
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CALCULATED CRACK SPACING, IN. -BRICE 


al 








{ 2 3 + 5 6 7 e 9 
OBSERVED CRACK SPACING,IN. - CLARK 


Fig. A—Crack spacing computed by Brice formula compared with observed crack 
spacing (Clark) 


If Mz is the resisting moment of the section of concrete (equal to R,’ bh?/6 
in the case of the rectangular section) one has, on the average a uniform force 
M »/2.75 in the concrete. Thus, in consequence, in the steel: 


=e ; 


f., (calculated) — f, (observed) = — - 
6 X 2.75 jd Ag 


For example, for the beams 15—-6—6, our calculation gives with R,’ = 600 
psi, A, = 0.88 sq in. and jd = 11.5 in. 


1 600 X 6 X 15? 1 
f, (calculated) — f, (observed) ~~ - 
6 X 2.75 0.88 X 11.5 
4850 psi 
Fig. 6 gives 5000 psi. 
For beams 23-6-11 with R,’ = 600 psi, A, = 3.12 sq in., jd = 17 in. 
600 6 23? | . 
f, (calculated) — f, (observed) = — #3 ta aA Renny = = 2200 psi 
6 X 2.75 3.12 X li 


Fig. 6 gives 2000 psi. 
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2° 20000 PSI 


230000 PSI 
*40000 PS! 


W, CALCULATED, IN.X IO°-BRICE 








W, OBSERVED, IN X10 --CLARK 


Fig. B—Width of crack calculated by Brice formula compared with observed crack 
width (Clark) 


2. Spacing of cracks—Using the general formula relating to rectangular 


flexural members, crack spacing / is 


eye! Pe 
an A,/bh 2k ” & 


Where k is taken equal to 1.3 (probable value for the steels considered), one 
obtains the spacings shown on Fig. A which correspond to the calculated 
spacings. 


3. Width of cracks—Our general formula is: 
E,w = 1(f, — fi) 
For rectangular members, one has 


R,’ 


13 A,/bh 


fi 
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1 Ca D 
w= ——I1+3— — f.— 
E, X 26k & A,/bh . 


The results for f, = 20,000, 30,000, 40,000 psi are represented on Fig. B which 
shows the agreement with the tests. 


Thus 


The width of cracks, w above, is calculated at the level of the steel. For 
comparison with the tests (where the gage is placed at the base of the crack 
it will be necessary to multiply w by (h — y)/(d — y). 


CONCLUSION 


The formula proposed by Watstein and Parsons for the axially loaded cylin- 
ders and that proposed by Clark for rectangular flexural members, are cer- 
tainly very near to the reality. But they represent particular cases of formulas 
which we proposed in our theory of cracking. These permit predicting, be- 
yond the width of cracks, their average spacing 1, and the average effective 
stress on the steel. 


The writer’s formula also forecasts that the maximum width is twice the 
average width; the ratios found by Clark are 1.18 to 2.77. 
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By K. HAJNAL-KONYI* 


Mr. Clark’s method of measuring crack widths is rather unusual and is 
based on the assumption that the crack widths are equal to the extensions 
measured on the surface of the concrete for a gage length of 6 in., and that 
the extension of the concrete between cracks can be ignored. He justifies 
this latter assumption by stating that according to unpublished data “at 
sections midway between adjacent cracks the strain on the tension side of a 
beam becomes a compressive strain following formation of cracks” and that 
“this compressive strain continues to increase with the tensile stress in the 


*Consulting Engineer, London, England. 
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reinforcing steel as long as no additional cracks form between the original 
pair of adjacent cracks.” 

The writer finds it difficult to accept this without details of experimental 
evidence. Quite apart from other considerations, such as bond, how can 
increasing compressive strain be reconciled with the formation of cracks which 
are obviously not of the nature of cracks caused by failure in compression? 


A second point of ambiguity is the statement that a gage length of 6 in. 
would measure two cracks in a few cases (writer’s italics). The stress range 


in which the width of cracks is most interesting from the practical point of 
view is that above f, = 30,000 psi since according to the new ACI Building 
Code (ACI 318-56) stresses of the order of 35,000 psi may occur under work- 
ing loads in deformed bars of a minimum yield point of 60,000 psi.* At a 


« 
oe Bed 


stress of f, = 35,000 psi, out of 51 cases recorded in Table 2 there were only 
six where the average spacing of cracks exceeded 6 in.; at a stress f, == 40,000 
psi, out of 50 cases there were only three. Thus a gage length of 6 in. must 
have measured two cracks not in a few but in the great majority of cases in 
the most relevant stress range. At a stress of f, = 45,000 psi, two beams are 
recorded with an average spacing of cracks less than 3 in. so that there must 
have been a few cases where a gage length has measured not only two but even 
three cracks. According to Fig. 5, which represents the grand average of the 
spacing of cracks, this value was less than 6 in. already at a stress of f, = 15,000 
psi. 

The number of cracks per gage length is important in connection with the 
maximum width of cracks. If one gage measures the sum of the widths of 
two or even three cracks, how can the maximum individual crack width be 
determined? The paper does not give any answer to this question. 

The comparison (Fig. 7) of observed average crack widths with those 
calculated by Eq. (2) shows that for f, = 40,000 psi and for crack widths of 
9 X 10° in. and over, which is the most important range of all, computed 
values are higher than the observed values. 

Regarding the maximum crack widths, a few results are puzzling, e.g., at 
f. = 35,000 psi and more, the maximum crack width in beam 6-15-7-2 was 
practically twice that of the companion beam 6-15-7-1. In beam 6-9-8-2 
at f, = 40,000 psi the maximum crack width was even three times that of the 
maximum in the companion beam 6-9-8-1. This can probably be explained 
by the yielding of the steel at this stress but if this explanation is correct the 
figure should not have been included in Table 2. 

While the ratio of maximum to average crack width of 1.64 appears to be 
reasonable and is in line with results of other tests, the extreme ratios 1.18 and 
2.77 are probably due to the method adopted in measuring and assessing 
the crack widths. 

*With f, = 60,000 psi and K = 1.8 [Section A604, Eq. (I])] fe = 33,400 psi. In fact, the stresses calculated 
in the majority of cases, will be higher depending on the percentage of the reinforcement and the quality of the 
concrete (as expressed by the modular ration n) since the lever arm worked out by the standard method is gener- 


ally smaller than that corresponding to Eq. (Al) in Section A605. Consequently, in certain cases f, will be even 
greater than 35,000 psi. 
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Discussion of a paper by |. M. Viest: 


Investigation of Stud Shear Connectors for Composite 
Concrete and Steel T-ieams* 
By R. S. FOUNTAIN and G. M. SINCLAIR 


By R. S. FOUNTAINT 


Dr. Viest’s investigation of the stud shear connector has introduced to the 
designer an important new mechanical shear device for fastening concrete 
decks to steel I-beams. The method followed in the investigation closely 
parallels that of previous tests on the established channel connector. This 
has enabled the designer to use the stud data on the basis of a design criterion 
already familiar in the field of composite concrete and steel T-beams. 

The recommended design formula Q,.. = Q.,/F.S., where F.S. is a factor 
of safety which insures composite action up to ultimate loads, is economically 
and structurally sound. The cost of the shear connectors is quite small in 
comparison with the costs of other component parts of the composite beam. 
The cost of insuring ultimate composite action at first yielding is negligible. 


Thus, there is little reasoning in following a lesser degree of safety in the con- 
nectors than can be had from a standpoint of the ultimate value of the major 
parts. 


Actual use of the stud has shown its superiority in many respects pertinent 
to the proper construction and theoretical action of the composite structure. 

The welding of channel and angle connectors is invariably accompanied 
by flange warping and beam camber. Beam camber of 1! in. in a 60-ft span 
has been noted, by field measurements, as a direct effect of welding channel 
connectors. This camber necessitates the use of extra concrete in bringing 
the slab to correct grade and indicates relatively high compressive stresses 
in the top flange and tensile stresses in the bottom flange. These stresses 
are not accounted for in the design computations. In welding the studs the 
heat is localized to the immediate position of the stud, thereby reducing locked- 
in stresses and beam distortions to a minimum. Further, the welding of 
the stud is, for all practical purposes, of a constant quality because the weld 
itself is done automatically. 

When field welding shear connectors, it is usual practice for channels and 
spirals to be welded after the beam or girder is in its final positien and before 
the deck forms have been placed. This requires special ses >iding for the 

*ACI Journat Apr. 1956, Proc. V. 52, p. 875. Disc. 52-56 is a part of copyrighted JOURNA rue AMERICAN 
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welder and creates an additional safety hazard during deck forming opera- 
tions. However, for studs, the usual practice is to have the deck forms i: 
place, thus eliminating the dangers involved in the field welding of other type 
connectors. 

The studs can be welded in the field with quality welds at all times by any 
mechanic with a minimum of instruction and from 3 to 5 times faster thar 
other connectors. The studs offer no difficulties in placing the slab rein- 
forcing steel and may even be used as an aid in spacing this steel. 

The prime advantage the studs offer in shop fabrication is the time-saving 
element. Shop time of connector welding can be reduced 75 percent, thus 
enabling more use of critical shop space. 

This investigation and actual use of the stud connector has proven it struc- 
turally and economically sound and should result in a more extensive use of 
composite steel and concrete T-beams. 


By G. M. SINCLAIR* 
FATIGUE STRENGTH OF %-IN. WELDED STUD SHEAR CONNECTORS 


In addition to the research program described by Professor Viest, a limited 
amount of work on the fatigue properties of welded studs was carried out at 
the University of Illinois. It was the object of the tests herein described to 
determine the fatigue strength of welded stud shear connectors under condi- 
tions of completely reversed repeated 
loading. This condition is_repre- 
sentative of the most severe type of 
fatigue loading to which the stud 
shear connectors in the center of a 
bridge span would be subjected during 
the repeated crossings of heavy loads. 


2" Drill 





Materials and test methods 


The specimen which was utilized in 
the tests is illustrated in Fig. A. It 
consisted of a 34-in. plate with a *4-in. 
diameter stud welded to the center of 
the plate in a perpendicular direction. 
The stud which was originally welded 
to the plate was 6 in. long. For test- 
ing purposes, however, the stud was 
cut off to 3 in. to produce the proper 
| moment arm for the testing machine 
| \ ia used. A total of 15 fatigue specimens 

of this type were prepared by the 
Fig. A—Detail of fatigue specimen for Customer Engineering Department of 
welded stud shear connector Nelson Stud Welding, Division of 








*Research Associate Professor of Theoretical and Applied Mechanics, University of Illinois, Urbana, II. 
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Gregory Industries, Inc. The studs 
on these specimens were welded using pq Soomeng Lose 


Completely Reversed 


standard procedures and represent 
typical results of the welding process 
in question. The steel usedin making "* F™ve 
the studs was a C 1017 and the base 
plate was a standard bridge steel 
which met ASTM specification A-7 
for bridge steels. The weld bead of 
the stud section was not given any 
special finishing process (such as shot 
peening) but was left with the original 
welded finish. 

The fatigue tests were conducted at A 

a nominal rate of 600 cycles per min’ Fig. B—Arrangement of specimen in 
in a “constant deflection” type of fati- fixture for bending fatigue tests 
gue testing machine of original design. 
Specimens were subjected to cantilever plane bending stresses by clamping 
them in the test fixture as illustrated in Fig. B and applying completely re- 
versed repeated loading to the free end of the stud.. The moment arm from 
the point of load application to the surface of the base plate was 4 in. The 
nominal maximum stress in the outer fibers of the stud was calculated accord- 
ing to the ordinary flexure formula M = S(JI/c), where M = bending moment 
(in.-lb), S = maximum stress (psi), and J/c = section modulus of %4-in. 
diameter stud. 

Determination of the load applied 
to the specimen was obtained simply 
by measuring the deflection of an 
elastic ring dynamometer which was 
connected in series with the loading 
system of the machine. The dyna- 
mometer was carefully calibrated be- 
fore the tests were begun, and based 
on this calibration the estimated 
maximum error in computed stress is 
less than + 1000 psi for the present 
data. During the course of each test | eng rman pg 4 7000 psi 
the load was periodically checked and of }- Elongation in I" gage length— 28% 
the machine was readjusted if neces- 
sary to insure that the load did not 
change appreciably after a fatigue 
crack developed. Actually it was ob ee 
found that the loading characteristic ? ~. "ye ~ 
of the machine was sufficiently “‘soft’” fig) C—Ordinary tensile stress-strain 
that little change in load occurred diagram for stud material 


2 


Use Upper Strain Scale 
e@ Use Lower Strain Scole 


1000's of psi 
3 
ss 


Stress 


| Material C-iOI7 Steel 
Ultimate Tensile Strength 78000 psi 


Ordinary 


Strain in/in 
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until a crack had progressed to within a few thousand cycles of final failure. 

Tensile properties of the stud material were determined from two speci- 
mens which were machined from a 12-in. sample of the cold rolled rod used. 
An ordinary stress-strain diagram and other tensile data obtained for the 
stud material are given in Fig. C. 


Fatigue test results 


The S-N diagram which was obtained for 34-in. diameter welded stud shear 
connectors in this investigation is presented in Fig. D. The curve was drawn 
by assigning approximately equal ‘‘weight’’ to each individual test point and 
fairing in an average line. Past experience has shown that this procedure 
results in a curve which represents a probability of failure of approximately 
0.5 (z.e., if a large number of specimens were tested at a single stress level, 
about half of the total number would break before reaching the indicated life 
and the other half would exceed it). 


Additional data on the individual test results are summarized in Table A. 
It was found that although all specimens were prepared in a similar manner, 
not all failed in the same way. A majority of the failures occurred in the heat 
affected zone of the stud. This was true of specimens 1 through 4 and 7 
through 10. Specimens 5 and 14 failed through the heat-affected zone of the 
base plate, resulting in a cup shaped fracture which was fibrous or woody in 


appearance. The fatigue life for specimens exhibiting this type of failure was 
not noticeably different from that obtained by failure through the stud. 

One specimen (No. 6) failed through the stud approximately 1/2 in. away 
from the heat-affected zone of the weld. In an attempt to determine the cause 
of this failure the broken specimen was sectioned, surface ground, and etched 
with a 10 percent solution of nitric acid in ethyl alcohol. A macrophotograph 
of this cross section is shown in Fig. E. It may be seen that the etchant has 
clearly indicated the location of the heat affected zone in the stud and in the 
base plate. It is also of interest to note that a fatigue crack had started to 
progress through the heat-affected zone of the base plate; it was prevented 
from spreading further only by the prior failure of the stud. 


100-— 


e Foilure 
@=Did Not Fail 


8 


1000's of psi 
°/ 
/ 


$ 


Stress 
b 


Alternating 
iS) 


_| Fig. D—S-N diagram for %- 
i” welded stud shear connector 
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TABLE A—SUMMARY OF FATIGUE DATA FOR %-IN. WELDED STUD 
SHEAR CONNECTOR 


Specimen No. Alternating stress, Cycles for failure 


Location of 
psi 


failure 


73,500 21,000 Heat-affected zone of stud 
50,500 308,300 Heat-affected zone of stud 
45,000 493,700 Heat-affected zone of stud 
2,399,700 Heat-affected zone of stud 
4,086,500 Heat-affected zone of base plate 
574,900 Stud, 1/2 in. from heat-affected zone 
78,700 Heat-affected zone of stud 
24,000 Heat-affected zone of stud 
79,700 Heat-affected zone of stud 
3,363,700 Heat-affected zone of stud 
11,570,000 Did not fail 
J 12,636,300 Did not fail 
27,500 | 11,209,200 | Did not fail 
40,000 1,600,020 Heat-affected zone 


| ( ; : of base plate 
Sectioned without testing—for metallographic examination 


Three specimens, No. 11, 12 and 13, had lifetimes exceeding 10,000,000 
cycles. Of these, specimen 11 showed no evidence of damage after 11,570,000 
cycles at 20,000 psi and specimen 12 no evidence of damage after 12,636,300 
cycles at 25,000 psi. Specimen 13 was stopped after 11,209,200 cycles at 
27,500 psi and was still sustaining the full load but there was evidence of a 
small crack in the heat-affected zone of the base plate and it is anticipated that 
failure would probably have occurred if the test had been continued. 

To explore the possibility that the fatigue cracks had developed from 
thermal cracks in the weld zone, the final specimen (No. 15) was not stressed 


but was sectioned and examined metallographically at a magnification of 
100X. No evidence of any thermal cracks were found and it is likely, there- 
fore, that all failures were due to a normal fatigue process. 


Fig. E—Macrophotograph of 
cross section of specimen No. 
6 (magnification approxi- 
mately 2X) after fatigue 
failure occurred in stud. Sur- 
face was ground, then etched 
with 10 percent nital solution. 
Note fatigue crack which has 
partially progressed through 
heat-affected zone of base 
plate 








Disc. 52-58 


Discussion of a paper by E. G. Swenson and V. Chaly: 


Basis for Classifying Deleterious Characteristics of 
Concrete Aggregate Materials* 


By PAUL J. FLUSS and STANTON WALKER and R. D. GAYNOR 


By PAUL J. FLUSSt 


The suggestion to base an arrangement for the classification of deleterious 
characteristics of concrete aggregates on recognition of their harmful proper- 
ties constitutes an interesting approach to the problem. 


I want to take issue with the statement on extreme fineness: “Specifica- 
tions for concrete aggregates limit the quantity of fine materials passing the 
No. 100 and 200 sieve sizes. Investigations have shown, however, that 
quantities of clay, for example, considerably in excess of these limits do not 
affect the quality of concrete adversely.” 


Though the authors add that the nature of these materials determines 
the amounts that can be tolerated, and investigations are required to de- 
termine the effect on the strength, volume, stability, and durability of con- 
crete, it is my opinion that their above statement is misleading. It is based 
on a single investigation, which does not contain sufficient data and is in- 
complete. For these and other reasons the results and their evaluation are 
contrary to the findings and opinions expressed in the literature.':?*.*° 


Due to the much larger surface area, fine material passing the No. 200 
sieve will—depending on its nature—step up the water requirements of con- 
crete mixes, thus increasing the water-cement ratio and consequently lowering 
all properties depending on it. If fine material is in the form of a coating on 
the aggregate, it will interfere with the bond between cement paste and 
aggregate particles. If it is clay it will also increase the drying shrinkage. 
All these facts have been known for a long time, for which reason the limits 
for material passing the No. 200 sieve were established. 


The Board of State Harbor Commissioners, San Francisco, uses only struc- 
tural concrete containing 6 to 7144 sacks cement, depending on the location. 
A limit of 3 percent by weight of the sand for the material passing the No. 
200 sieve has always been strictly enforced. Due to unavoidable circum- 
stances sand containing 414-5 percent passing the No. 200 sieve had to be 
temporarily accepted in 1950. 


*ACI JournaL, May 1956, ive, V. 52, p. 987. Disc. 52-58 is a part of copyrighted JourNAL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedines V. 52. 
+Testing Engineer, Board of State Harbor Commissioners, San Francisco, Calif. 
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The mix which was used for a high, thin wall, contained 614 sacks cement 
and 42 percent sand. Maximum size was 114 in. and slump 5-6 in. 


Sieve Regular sand, Temporary sand, 
size percent passing percent passing 
4 99 100 
8 S4 84 
16 60 58 
30 40 35 
50 22 17 
100 3 Ss 
200 ! 4145-5 


The average compressive strength at 28 days was 4500 psi using regular 
sand and 4000 psi using temporary sand. 

Regarding the paper by Inge Lyse, ‘‘Tests Indicate Effect of Fine Clay in 
Concrete,”’ ori which the authors base their statement, I want to make the 
following comments: 


1. Neither gradings of the sand or coarse aggregate, nor the maximum size are given 
2. No slumps are reported. 


3. Though four mixes with different clay contents at various water-cement ratios are 
cited, only two of them were evaluated. These are specimen B containing 3.11 percent 
clay and D containing 3.80 percent clay by weight, based on the total of fines (sand plus 
clay). 

4. When comparing the plain mixes (A and C) with those containing clay additions 
(B and D) different water-cement ratios were used. 

5. Only two groups of specimens, that is A-C versus B-D and consequently only 
two values (points) were used to establish each of the curves shown in Fig. 1, ‘‘Effect of 
clay on strength of concrete having different water-cement ratios.”’ 


6. The same shortcoming also applies to Fig. 2, ‘‘Concrete permeability as affected 
by clay in the sand,”’ and Fig. 5, ‘“‘Durability of concrete with and without clay, as 
measured by freezing and thawing tests.”’ 


7. Specimens G-L were made at the same water-cement ratio. The amount of clay, 
computed by weight, based on the total of fines (sand plus clay) was 7.15 percent for H, 
8.10 percent for J, 9.70 percent for L. 

There is no question that an addition of such a high percentage of clay caused a 
considerable stiffening of the mixes and corresponding lowering of their slumps, so 
that, as far as their practical value is concerned, they could not be compared with the 
plain ones at all. 


8. These specimens (G-L) were used for Fig. 3, ‘‘Permeability of concrete having 
different sand gravel ratios as affected by clay content of sand’’ and Fig. 4, “Effect of 
clay on strength of concrete having different sand gravel ratios.”’ 

Both figures show the beneficial effect of clay—at presumably much lower slumps (as 
pointed out above )—in the undersanded mixtures; especially the permeability is greatly 
reduced, which does not need any explanation. 


9. It was neglected to investigate the degree and effect of drying shrinkage at various 


amounts of added clay. 


Experiences and recent investigations have shown that not only the per- 
centage but above all the type and nature of extreme fines are of great im- 
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portance. The sand equivalent test and sedimentation test developed and 
used by the California Divisidn of Highways constitute an important step 
in the quest for improving the qualities of concrete and the elimination of 
unsuitable materials. 

Due to the nature of concrete aggregates and especially their processing, 
the question of extreme fines comes up every day. In order to avoid many a 


headache this type of deleterious material needs close attention and constant 
checking. 
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By STANTON WALKER and R. D. GAYNOR* 


Messrs. Swenson and Chaly present a helpful and comprehensive classifi- 
cation of the deleterious constituents of concrete aggregates. We are in agree- 
ment with most of what they say concerning the general nature of undesirable 
particles. However, as unsatisfactory as conventional specifications are as a 
basis for the selection of aggregates, we would point out that they afford the 
only practical approach in the vast majority of cases. 

The authors propose a detailed examination of each aggregate with accept- 
ance or rejection based on informed judgment. Such a procedure is not a 
feasible one under many circumstances. In public works, for example, where 
aggregates are purchased on the basis of competitive bids, there must be, 
it seems to us, some arbitrary limitations which can be interpreted readily. 

The authors’ paper should be helpful in suggesting improvements in de- 
scriptions of deleterious particles to be arbitrarily limited in specifications 
of the conventional type. But, unless something other than informed judg- 
ment is to be depended upon to determine whether or not a material contains, 
say, too many soft and weak particles, it is difficult to see how the proposed 
approach can be made to be of practical application. It seems to us that 
most promise for a more precise evaluation of aggregates is offered by ‘“‘per- 
formance testing.” 

In general, deleterious particles are undesirable because of their effects on 
appearance, strength, resistance to weathering or other aggressive agents, or 
because of their chemical instability. While we are deficient in knowledge 


*Director of Engineering and Assistant Engineer, respectively, National Ready Mixed Concrete Association and 
National Sand and Gravel Association, Washington, D. C. 
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of just how to test for these effects, useful tools are available, which, we are 
confident, may be used to furnish results permitting of a better and more 
understandable judgment than that based on petrographic and chemical 
techniques alone. These, while most helpful, are not well enough understood 
and are difficult of quantitative application. 


Strength tests are reasonably well standardized. Freezing and thawing 
tests, while far from being satisfactorily standardized, furnish significant in- 
formation on the ability of materials to resist weathering in concrete. They 
also offer a basis for determining effects of the deleterious particles on ap- ° 
pearance. There are approaches to the determination of chemical instability 
although, as yet, their significance has not been well established. 

It is granted that performance tests are time consuming. Perhaps the 
approach is to use them to “approve’”’ (or disapprove) sources by testing repre- 
sentative samples, and then determine acceptability of materials based on the 
conventional type of specification tailored to take into account the char- 
acteristics of the particular deposit. 





Disc. 52-61 


Discussion of a paper by Thomas B. Kennedy: 


Tensile Crack Exposure Tests of Stressed Reinforced 
Concrete Beams* 


By P. W. ABELES, O. W. IRWIN, and AUTHOR 
By P. W. ABELESt 


This is an interesting paper which shows the greatly increased resistance 
of air-entrained concrete to frost and weather conditions, as compared with 
ordinary concrete. [It is also interesting to learn that reinforcing bars. have 
been compared under different stress conditions. However, it is a pity that 
the maximum widths of the exposed cracks have not been measured, although 
it may have been difficult to ascertain their width along their “irregular 
pattern,” as stated by the author on pp. 1053-1054. From the title of the 
paper, one would have expected that it was the main purpose of the tests to 
investigate the influence of the “crack exposure.” It is possible that under 
the maximum stress of 50,000 psi cracks have developed of a maximum width 
exceeding the limit which is generally considered as harmless, 7.¢., 0.01 to 
0.012 in. If the maximum width was really below this limit, then the tests 
would not have shown substantial novel results with regard to the steel. How- 
ever, if the maximum width was in excess of the limit mentioned, then the 
results would be important not only from the point of view of increased frost 
resistance of air-entrained concrete but also of increased corrosion resistance 
of the reinforcement. In this connection it would be interesting to learn 
from the author on what basis the “rating”? was assessed. How far has any 
corrosion been valued? It is interesting to note from Table 3 that in some 
cases, €.g., With beams No. 7, 10, 12, 13, and 18 an improvement in the rating 
occurred in the second year (increase to 100), which would indicate healing 
of cracks, whereas in the third year again a deterioration took place. How is 
this to be explained? 

The writer may be permitted to refer to his own investigations in this re- 
spect. It was shown some 20 years agot that no corrosion occurred in ex- 
posed cracks of limited width provided the concrete is dense, as for example 
in spun concrete. This has been shown again recently for prestressed concrete, § 
when a specimen with cracks of varying width was placed between low and 

*ACI Journat, June 1956, Proc. V. 52, p. 1049. Disc. 52-61 is a part of copyrighted JourNAL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52 

peice Pe We ie Fe Ea sctenstrehionmn bei Rissbildung” (The Danger of Corrosion in 
Reinforced Concrete After Cracking), Zement, No. 7-9, 1937. 


§Abeles, P. W., “Cracks in Prestressed Concrete Beams,” Preliminary Publication, International Association for 
Bridge and Structural Engineering, Fifth Congress, Lisbon, 1956. 


1451 





1452 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 1: 
high tide. When trying to investigate the results of the author’s paper i: 
this light by comparing Tables 3 and 5, it would appear that there is reall, 
no difference in the present tests in the rating with regard to the magnitud: 
of steel stress. Consequently one might conclude that the maximum per- 
missible width of crack was not reached. This would be correct if the actua 
state of corrosion had been taken into account. However, it seems doubtful! 
whether this was done, since it would have required opening up of specimens 
(7.e., removal of concrete cover) to investigate the degree of corrosion. 


O. W. IRWIN* 


tepresenting one segment of the steel industry, it seems to the writer that 
the contrast between the performance of the old-style deformations and thy 
new A 305 deformations might have been more emphasized. The object 
of this discussion is to document the sentence in the paper under ‘‘Old-style 
versus A 305 deformations’ which reads: “In every case where specimens 
were alike except for the style of deformation of the reinforcing bars, the 
A 305 beams were superior in performance to those reinforced with old- 
style deformations.”’ 


From a theoretical viewpoint it was to be expected that the total width of all 
cracks (visible and microscopical) should be about 2!4 times as much i 
the middle third of the beams with steel stressed to 50,000 psi as it would be 
in the beams stressed to 20,000 psi. On account of the lower bond strength 
of the bars with the old deformations, it was expected that the number of 
cracks would be less and the width of each crack greater than would occur 
with A 305 deformations. 


As emphasized in the original paper, the deterioration of the non-air- 
entrained specimens was caused primarily by freezing and thawing with little 
evidence of chemical deterioration. It might be assumed therefore that this 
freezing and thawing deterioration would be much more rapid in the non- 
air-entrained beams reinforced with old-style deformations due to the sea 
water entering the larger wider cracks. 


The table to the right (below) gives the a erage age of the upper exposed 
non-air-entrained beams at which those beams could no longer carry the 
loads from the springs. 


From the adjoining figures it is evident that, in the severe exposure of Treat 
Island, Me., with non-air-entrained 

concrete, the rate of weathering with Stress in Old deforma- | A 305 defor- 
A 305 bars stressed as high as 50,000 steel, psi | tions, months oo. 
psi was only 60 percent of the rate of 

weathering with old-style bars stressed eee aie _ 

to 20,000 psi. There is thus demon- 40,000 No specimens 24 
strated the remarkable superiority of 50,000 No specimens 28 


*President, Rail Steel Bar Association, Chicago, Ill, 
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the higher, closely spaced deformations which produce a large number of 
narrow cracks instead of a few wide cracks. 

The air-entrained concrete beams described in this paper have now gone 
through five Maine winters. Using the system of grading described in the 
original paper (no deterioration = 100 percent), 19 qualified observers rated 
the condition of the air-entrained beams in July, 1956, as indicated at the 
right. (All bars had A 305 deformations). 

Although the differences are small, 
visible inspection indicates that the Stress in steel, psi Rating, percent 
beams with the higher stresses in the as 
steel have the least deterioration; the 20,000 
average rating for the 50,000-psi ye 
beams being only slightly below the 50,000 
pilot beams with no stress in the steel. 

The writer ventures to ask, does air entrainment assist in autogenous heal- 
ing of cracks? 


AUTHOR'S CLOSURE 


The discussions of both Mr. Irwin and Mr. Abeles point out a gap in the 
data in this program, that is information on width of crack. An attempt 
was made at the time the beams were loaded to measure them, but without 
success. They varied from fine, a few thousandths of an inch, to fairly open, 


estimated 1/32 in. They also varied in width in the same specimen. All were 
quite irregular. Some deflection measurements were made, but average 
width of crack estimated from the deflection measurements does not mean too 
much, because of variation in width in the same beam. It is my opinion that 
all the stressed beams contained some cracks exceeding the critical value of 
0.010 and 0.012 in. Those beams reinforced with the old-style steel doubt- 
less had the widest cracks. This, as Mr. Irwin points out, probably con- 
tributed toward the rapidity with which the non-air-entrained specimens 
with old-style steel failed. Water penetrated more deeply so that the effects 
of freezing were more severe. 

The specimens of air-entrained concrete have now been through five win- 
ters of exposure and Mr. Irwin points out what appears to be an inverse 
correlation between stress in steel and deterioration. I think this correlation 
is probably more apparent than real. Bond, shear, and compressive stresses 
in the concrete itself were all low and quite similar from specimen to speci- 
men (p. 1053). From this it would be logical to expect similar behavior re- 
gardless of the stress in the steel. I would think it rather unusual if air en- 
trainment promoted autogeneous healing, but again the results here vividly 
demonstrate the superiority of air-entrained concrete under severe weathering 
_conditions. 

As time passes corrosion of the reinforcing steel in the air-entrained beams 
will probably be the factor contributing most toward their ultimate de- 


. 
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struction. Some longitudinal cracking over the steel was noted in some of 
the beams during the last inspection (after 5 years). At the time the report 
under discussion was prepared only two winters of exposure had passed and 
the non-air-entrained beams were beyond redemption. Corrosion at that 
time was not a factor. 

Mr. Abeles points out an anomaly in that beams 7, 10, 12, 13, and i8 ap- 
peared to improve between 1952 and 1953 as judged by the numerical rating 


shown in Table 3. 


I do not think the improvement in rating of beams 7, 10, 12, 13, and 18 
3 


from the time of inspection in 1952 until the inspection in 1953 reflected an 


actual improvement in the condition of the beams. The opinions of eight 
people were involved in 1952, and 15 in 1953. I believe the consensus of 15 
reflected the condition of the beams better than that of eight. The beams 
were rated visually as follows: 
Excellent—Negligible deterioration, 100 points 
Good—Slight distress, usually along edges, 75 points 
Fair—More advanced deterioration and spalling, sometimes accompanied by longi- 
tudinal cracking over the steel, 50 points 
Poor—Advanced deterioration with considerable loss of concrete and exposure 0 
steel, 25 points 
Failed—Unable to carry load, 0 points 
None of the specimens was opened to note the degree to which corrosion 
had occurred; however, as pointed out above, distress due to corrosion is 


becoming evident. 
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Discussion of a paper by David P. Billington: 


Building Frames in Prestressed Concrete’ 
By ERIC C. MOLKE and AUTHOR 


By ERIC C. MOLKET 


This paper represents a most valiant effort to correlate the many problems 
which have to be dealt with simultaneously when designing a prestressed 
east-in-place building frame. 

Questions dealt with in the paper are the shape of the girder section, the 
longitudinal profile of the girder and the pre-tensioning force, the stiffness 
relation between girder and columns, their influence on the optimum carrying 
capacity of the girder and the combination between girder and column, and 
finally the stresses due to elastic and plastic shortening of the girders. 

The necessary preparations for this painstaking analysis must have been 
much greater than would be apparent from the short and concise presentation 
of the various aspects. In spite of this diligent approach, the paper in its 
present form cannot be considered to offer more than a guiding philosophy 
to the practical designer. 

In the first place, the principal actions analyzed are for cast-in-place post- 
tensioned frames. It is hard to visualize that with present American cost and 
engineering conditions cast-in-place frames will become popular, because 
techniques of prestressing and precasting are more properly exploited together. 

In general, frames are assembled from prestressed precast girders con- 
nected to the columns, either by grouting or dowelling of joints, by welding 
together projecting mild steel bars, or by pressing girders to columns with 
short prestressing members. The connection can be made at a selected 
portion of dead load application, that is, before or after the slabs are placed, 
and thus a great part of the problems caused by column restrainment with a 
cast-in-place frame can be eliminated. 

Two of the most important considerations for longer spans will be the 
elastic stability of the top flanges, particularly during the erection stage, and 
arriving at a sufficient thickness of the web to provide space for the draped 
prestressing units. Consideration of desirable column sizes and footing 
capacities as to vertical and horizontal reaction will further decide just what 
degree of restrainment between girder and column should become economical. 
By the time such conditions are met, the only important choice likely left to 


*ACI JouRNAL, June 1956, Proc. V. 52, p. 1065. Disc. 52-62 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Instirure, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
+Chief Engineer, Prestressing Research & Development, Inc., San Antonio, Texas 
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the designer is the depth of the girder and the type of connection to the 
column. 

These remarks are not made to detract from Mr. Billington’s analytical 
approach. They are meant to encourage the designer also to investigate each 
project by trial-and-error calculations in addition to using the tools of general- 
ized logic as presented in this paper. 


AUTHOR'S CLOSURE 


The author is indebted to Mr. Molke’s valuable comments. He has pointed 
out several important factors which should be emphasized in conjunction 
with such a study. 

First of all, Mr. Molke correctly states that precast and prestressed con- 
crete construction will be far more popular in this country than cast-in-place 
prestressed concrete construction. It is, however, quite possible to apply 
the principles as discussed in the paper to a precast concrete frame. This may 
be done by considering one of several possibilities of construction. 

1. The main girder may be partially prestressed, erected over the columns, and then 
post-tensioned. This post-tensioning would be made in such a way as to induce reverse 
stresses not only in the girder but also in the columns and foundations. 

2. A complete frame may be precast on its side at ground level, prestressed, and then 
tilted up into place. In this way, the reverse stresses would affect both the girder and 
the columns. 

The second factor brought up by Mr. Molke is that of the connections of 
the girder to the columns in precast construction. Such connections can often 
be conveniently made by post-tensioning the girder to the column top. This 
can be done again in a manner that will induce stress reversals throughout 
the entire frame. 

It is true that the results of the investigation for building frames given 
in this paper are only a guide to the designer. The particular requirements 
of any individual job will determine many of the features in the structural 
frame. However, it is important for a designer to know that he can decrease 
substantially the positive moments in a long-span girder by making a frame 
which will not require that large bending moments be resisted by columns 
and foundations. In many cases, the size of the columns will be determined 
by the vertical load in combination with wind or earthquake forces. Even 


in this case, though, the effect of prestressing an entire frame will permit the 


girder section to be smaller without an increase in the columns or foundations. 

Quite often the so-called secondary moments created by the prestressing 
force have been considered as something to be minimized. This has led to 
designs where the prestressing force causes no rotation about the column tops. 
One of the purposes of this paper has been to show that the secondary mo- 
ments can be useful. 





Disc. 52-63 


Discussion of a paper by Kenneth R. Lauer and Floyd O. Slate: 


Autogenous Healing of Cement Paste* 
By ROBERT S. ROWET 


The authors are to be congratulated for their part in isolating the crystal 
formation which is responsible for the autogenous healing or regain in strength 
of cracked sections. However, discrepancies indicated by the authors may be 
partially explained by the fact that crystal formation and regain in strength 
are in part dependent upon the proximity of adjacent sections, which is in 
turn a function of axial pressure. 


Autogenous healing is sot only a function of the time of initial curing, 
time of healing and type of cure, but also of the actual pressure that adjacent 
sections of the cracked beam are subjected to during the period of self healing. 
This fact has been overlooked by many authors, even though the rate of 
chemical processes depends on the proximity of adjacent molecules. 


It has been previously demonstrated that up to the limit of compressibility 
of the concrete the regain in strength of the cracked sections increases with 
pressure.t The results of a series of small scale beam tests are plotted in 
Fig. A. Each point represents the average strength of three beams. Each 
beam was | in. wide, 1 in. deep by 4 in. long, made with a mix of 1 part sand: 
1 part cement: 0.4 part water. Values shown are for beams cured 1 day and 
then loaded to failure. The sections were then reunited and placed under 
water with different axial pressures. The duration of time each beam was 
submerged for self healing is indicated on the chart. In order to show limits 
conveniently on one diagram log-log paper was used. Fig. A shows the 
amount of autogenous healing in psi as a function of the time in days the 
beams were reunited and submerged for the healing process. Axial pressure 
during the rehealing cycle is shown on the chart as a parameter. 


Previous tests indicated that for a given pressure and the same period of 
time for self healing, autogenous healing decreases rapidly with increasing 
time of initial curing before the first cracking occurs, as shown in Fig. B. Thus, 
unless cracking occurs within a week after initial casting, with average pressure 
and moisture, there appears to be little chance for much regain in strength. 
Nevertheless, autogenous healing may be important in healing the initial 


cracking of new concrete members due to erection, shrinkage, temperature, 


*ACI JournaL, June 1956, Proc. V. 52, p. 1083. Dise. 52-63 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
+Professor and Chairman, Department of Civil Engineering, College of Engineering, Duke University, Durham, 


N. C. 
tRowe, R. S., ““Autogenesis,""’ ASTM Bulletin, No. 201, Oct. 1954, pp. 63-65. 
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and interruption of casting. Further tests on this interesting phenomenon of 
autogenous healing may be desired to correlate small scale tests with concrete 
members in service. 
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Disc. 52-64 


Discussion of a paper by Mario G. Salvadori: 


Analysis and Testing of Translational Shells* 
By MILO S. KETCHUM, GUNHARD A. ORAVAS, ‘and AUTHOR 


By MiLO S. KETCHUMft 


The writer would like to comment on two aspects of this excellent paper. 
The first is the use of finite difference methods in the analysis of engineering 
structures. It will not be denied that most American structural engineers 
have little knowledge of mathematics beyond calculus. The theory of dif- 
ferential equations they are able to absorb is of limited usefulness. It takes 
many years of self-study to acquire the proficiency to solve many of the dif- 
ferential equations of the theory of elasticity. Usually the structure is so 
simplified that the usefulness is quite limited. 

Quite the reverse is true of methods involving finite difference equations. 
The actual calculations may be somewhat time consuming but the basic 


theory necessary to set up the simultaneous equations can be acquired in a 


few weeks time. The reader is referred not only to the author’s text on the 
subject (reference 3), but also a paper by Alfred Parme, ‘Solution of Difficult 
Structural Problems by Finite Differences,’’ ACI Journat, Nov. 1950, Proc. 
V. 47, pp. 237-256. 

The second aspect of the author’s paper is the insight into the action of the 
structure that this presentation gives which will allow a structural engineer to 
make a preliminary design without reference to a solution of complicated 
mathematical formula or finite difference solutions. In the preliminary 
stages of a project, it is important that designs can be made quickly and 
easily. The design thus determined should be sufficient so that an accurate 
estimate of the cost of the structure may be obtained and basic dimensions 
determined so that the architectural drawings may proceed. In small struc- 
tures, this design may be sufficient for the final design. 

A preliminary design of a square translational shell such as shown in the 
author’s paper could be made under the following assumptions: 


1. The stresses in the shell dome above the side arches are membrane and only 
nominal reinforcement is required as in a dome of revolution of the same size. 

2. At the level of the top of the side arches and slightly below, tensile reinforcement 
is required to serve as a tensile ring, as in a dome of revolution. 

3. The area of shell between the side arches at the base may not act as a shell and 
might better be designed as a triangular two-way slab. The thickness will probably be 
only a little greater than the thickness of the shell at the top. 


*ACI Journal, June 1956, Proc. V. 52, p. 1099. Disc. 52-64 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 28, No. 6, Dec. 1956, Part 2, Proceedings V. 52. 
+Ketchum and Konkel, Consulting Engineers, Denver, Colo. 
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4. The remaining structural element, the side arches, may be designed assuming a 
curve of tangential shear loading equal to zero at the crown and maximum at the spring- 
ing, with the curve in the form of a parabola. The magnitude of these shear forces may 
be determined by assuming that the sum of the vertical components must equal the 
total vertical load. 


Once the preliminary design has been made and the final structural system 
selected, the engineer will have the time and the budget either to solve for 
the precise stresses or to obtain the services of a mathematical analyst. 


By GUNHARD A. ORAVAS* 


The lucid exposition on the load carrying capacity and design of trans- 
lational thin shells by Dr. Salvadori is another one of his many significant 
contributions to the thin-shell literature. It represents the best type of 
technical paper for the practicing stress analyst by bringing theoretical thin- 
shell analysis and its qualitative actual behavior into a common focus. The 
apparent safety of application of the commonly accepted assumptions of thin- 
shell analysis to shells made of tile and concrete should further bolster the 
confidence of any engineer tackling problems of that kind. 

As there have been few tests made on the ultimate carrying capacity of 
thin shells of translation, this paper renders a valuable service to the pro- 
fession. Hruban in a recent publication! describes a similar test on a 1/3- 
scale model of an elliptical paraboloidal thin shell of reinforced concrete 
supported by arches and diaphragms. The strain measurements, according 
to Hruban, exhibited good agreement with the theoretical strains in the design 
load range and no visible cracks developed in the shell when loaded up to 
2.2 times the design load. The four supporting corner columns finally failed 
at a shell load corresponding to a 3.24 safety factor. The shell itself showed 
diagonal cracks in the corners but it seemed evident that its ultimate carrying 
capacity was apparently not yet exhausted. 

Another recent test on an actual thin shell of translation with prestressed 
edge members was described by Chatterjee.2, The purpose of his experiment 
was to determine the strains and stresses in a full-scale shell within the bounds 
of the working stresses. This paper constitutes to the writer’s knowledge 
the only published comprehensive data of strain readings taken on full-size 
thin shells of translation subjected to design loading conditions. No attempt 
was made in that work to compare the test results with the theoretical solu- 
tion. 

As the paper by Dr. Salvadori considers shells over rectangular areas 
only, it might be worthwhile to mention a paper by Jenkins,* which treats 
the inextensional theory of thin shells covering areas of arbitrary shape. The 
subject matter is developed in generalized coordine tes and in matrix notation. 
The differential equation, stress resultants, and stress function are given there 
in a most general form. 

The finite difference method of analysis demonstrated by Dr. Salvadori, 


*Caracas, Venezuela. 
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based on Piicher’s stress function method, does provide a reasonably feasible 
method of analysis for design office use, when other more expedient methods 


are not applicable. In the writer’s limited experience with the finite difference 
methods the rectangular shell analysis usually required a solution of some 
60-100 simultaneous equations to obtain a satisfactory accuracy with the 
analytical solution. A prompt solution of such a set of equations is reason- 
ably accessible to the engineer only by. relaxational methods and even this 
procedure converges readily only in well-experienced hands. Of course, 
electronic computers would be of great help in the solution of simultaneous 
equations and as mentioned by Dr. Salvadori the tabulation of solutions for 
various proportions of translational shells would solve this difficulty per- 
manently. 

On the other hand there are much simpler methods available for the analysis 
of translational shells, which require only a small fraction of time necessary 
to carry through the finite difference analysis. In two recent papers by 
Csonka‘ an important practical simplification was introduced into the analysis 
of shells of translation. He expressed the vertical load and generators of the 
translational shell in uncoupled second degree polynomials, thereby admitting 
simple solutions for the shell equations. These curves can be made to fit the 
generators of most shallow shells. In a case of unsatisfactory coincidence of 
this substitute shell to the actual shell, Csonka’s solution could be used as 
a first approximation for a relaxational solution of the actual shell of transla- 
tion. 

It might be of general interest to point out that a solution which considers 
the transverse bending of shallow, hinge-supported translational shells was 
developed by Ambartzumian. This solution is composed of a corresponding 
plate solution with a superimposed correction to account for shell curvatures. 
Vlassov® gives this solution in a three-term trigonometric series form with 
the observation that the given solution is in design practice satisfactory for 


shallow shells (rise and span ratio S 1/5). 


As the boundary disturbance was not elaborated upon by Dr. Salvadori, 
attention could be called to an excellent book by Goldenweizer,® which 
contains a wealth of material on the boundary perturbation of generalized 
shells. Zerna’ also has dealt with the boundary problem of translational 
shells by application of tensor analysis. 


REFERENCES 


1. Hruban, Konrad, “Biegetheorie der Translationsflichen und ihre Anwendung im Hall- 
enbau,”’ Acta Technica Academiae Scientarium (Budapest), V.7, No. 3/4, 1953, pp. 425-464. 

2. Chatterjee, “Tests on a Thin Reinforced Concrete Dome Shell with Prestressed Edge 
Beam,” Civil Engineering and Public Works Review (London), V. 51, No. 595 and 596, Jan. 
and Feb. 1956. 

3. Jenkins, R. 8., “Theory of New Forms of Shells,’ Symposium on Concrete Shell Roof 
Construction, Cement and Concrete Association, London, 1954, pp. 127-140. 

4a. Csonka, P., “Results on Shells of Translation,’ Acta Technica Academiae Scientarium 
Hungaricae (Budapest), V. 10, No. 1-2, 1955, pp. 59-71. 



















1462 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 1956 


4b. Csonka, P., “Special Kind of Shells of Translation with Two Vertical Planes of Sym- 
metry,” Acta Technica Academiae Scientarium Hungaricae (Budapest), V. 11, No. 1-2, 1955, 
pp. 231-240. 
5. Vlassov, V. Z., Obchaya Teoriya Obolochec (General Theory of Shells), Gosudarte Izda- 
tel’stvo Tehniko-Teoreticeskoi Liter., Moscow, 1949. A German translation of this book will 
be published next summer by Akademie-Verlag, Berlin. 

6. Goldenweizer, A. L., Teoriya Uprugey Tonkey Obolochec (Theory of Elastic Thin Shells), 
Moscow, 1953. 

7. Zerna, W., “Berechnung der Translationsschalen,” Oesterreichisches Ingenieur-Archit 
(Vienna), V. 7, No. 3, 1953, pp. 181-187. 





AUTHOR’S CLOSURE 


The author was interested in the simple suggestions of Mr. Ketchum for 
the preliminary design of a square translational shell and agrees with such 
suggestions. At the same time he wishes to warn the designing engineers 
about the stress picture suggested by Mr. Ketchum. A translational shell 
behaves in a substantially different manner from a rotational shell, and even 
the mild suggestion to keep in mind a spherical dome when designing a square 
translational shell might be misleading. 

The author is most grateful to Dr. Oravas for the numerous references to 
papers concerned with translational shells, and particularly to the papers by 
Dr. Cson'a. 

A recent paper by A. L. Parme on hyperbolic paraboloids and other shells 
of double curvature in the Journal of the Structural Division of the ASCE 
(September 1956) gives complete tables for the evaluation of membrane 
stresses in translational shells with parabolic directrices. These tables can 
be used to obtain approximations to the stresses even when the directrices 
are not parabolic, and will greatly simplify the design of translational shells. 

During the summer of 1955 the RDB Co., tile manufacturers of Piacenza, 
Italy, designed and built a tile-concrete shell of the type discussed by the 
writer, covering an area of 61x92 ft. The steel reinforcing in the shell 
proper was 0.56 lb per sq ft. The steel reinforcement in the complete roof 
(excluding the corner columns and foundations) was 1.41 lb per sq ft. The 
number of man-hours required to build the shell proper was 1500, and the 
number of man-hours required to build the whole roof (excluding corner 
columns and foundations) was 3000. 

This large shell was subjected to extensive tests under uniform loads cov- 
ering the whole roof and covering half the roof. Deflections and stresses 
were carefully recorded during repeated loadings. The results of these tests 
will be reported in the near future by the author together with a comparison 
with the results of the theory presented in this paper and of other theories. 

In view of the simple stress evaluations made available by Csonka and 
Parme, the writer feels confident that translational shells will acquire great 
popularity in the United States. 
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Burmeister, Robert A. — Disc. 


batching 


(52- 


Effect of car- 


bon dioxide on fresh concrete (52-27) Part 2, 
Dec. 1956 ‘ 7 . oo 
Buzzell, D. A.— Disc. Waterstops in articu- 


lated concrete 
1956... 


construction (52-7) Part 2, Dec. 


C 
A 
Calcite — Chemical durabilit 


Calcium chloride 
-Cold weather use 


y (52-2) Sept. 1955. 


CB) Nov. 


1955.. 


~Effect on frost damage to fresh concrete (52-35) 
Jan. 1956... ; vas 

Calcium sulfoaluminate - Slag concrete (CB) 
Oct. 195 on ‘ . “< 

Comsphell- Alien, D.—Disc. Evaluation of 
compression test results of field concrete (52- 


17) Part 2, Dec. 1956 
Canal lining—Slip-forms 
Cantilever forms 

11) Oct. 1955... 
Capillary pore volume—Hardened cement paste 

(52-39) Feb. 1956 
Carbon dioxide — 

27) Dec. 1955.... 
Carbonation — Dama age of 


‘(52- 1) Se pt. 1955. 
Anchor-holding sobeieee (52- 


- Effect on fresh concrete (52- 


fresh concrete sur- 


faces (52-27) Dec. 1955 _ 
Carmel, T.— Large prestressed concrete ele- 
vated tank for Dallas, Texas (52-40) Feb. 1956 


Carry-over factor——Determination for beams of 
variable section (52-53) Apr. 1956 


Castellation—T-beam design (CB) Oct. 1955 ... 


Casting procedure—Prestressed members (52- 
yy kA SRA Je 
Cavitation 
~—Hydraulic structures (52-18) Nov. 1955. 
-Stilling basin — Bonneville Dam (52-52) Apr. 
jo A ° . 
Cavitation resistance —Test for (52-52) Apr. 
1956 : 
Cement 
~Bleeding characteristics (52-13) Oct. 1955 .... 
—Concrete strength tests (52-13) Oct. 1955. 
Floc test (52-13) Oct. 1955 
Freezing and thawing tests (52- -13) Oct. 1955 


Premature stiffening (52-13) Oct 
Shrinkage (52-13) Oct. 1955 
Cement paste 
—Autogenous healing (52- 63) June 1956 
—Curing at elevated temperatures and pressures 
(52-43) Feb. 1956.... 
-—Hardened—Specifie 


1955. 


volume of evaporable 





water (52- 55) Apr. 1956 
—Mz al incompatibility with aggre- 
gate (52-50) M: ar. 1956 


—Permeability to water (52-43) Feb. 1956.... 


~Pore volume (52-55) Apr. 1956 


-Properties affected by curing temperature and 
pressure (52-43) Feb. 1956. . ; 
Cement performance — Long-time study (52- 


13) Oct. 1955. 
Cements and calcium 
water (CB) E. | . Howard, Nov 
Chaly, V. 
acteristics of concrete saareute cmatusiale 
58) May 1956.... 
Channel shear connectors— omparison with 
stud shear connectors (52-56) Apr. 1956 ... 
Chemical attack— Hydraulic structures (52-18) 


chloride and cold 
be 





(52- 


Nov. 1955.... 

Chemical durability — Alk: ali- agere gate reac 
tions (52-2) Sept. 1955..... 

Chinn, James 
Lapped splices in reinforced concrete beams 
(52-15) Oct. 1955 ..... > 
Disc. Ultimate theory in flexure by expon 
ential function (52-24) Part 2, Dec. 1956 


~Disc. Ultimate — design (52-30) Part 2 
Dec. 1956... 

Clark, Arthur P. — Cracking in reinforced con- 
crete flexural members (52- “54) Apr. 1956 

Clark, Bruce E.— Theoretical basis of pressure 
grout penetration (52-16) Oct. 1955 Se : 
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Clark, Roy R.— Bonneville Dam stilling basin 
repaired after 17 years service (52-52) Apr. 


Closner, J. J.—Large prestressed concrete ele- 
vated tank for Dallas, Texas (52-40) Feb. 1956. 

Cold-weather concreting—Calcium chloride 

admixture for (CB) Nov. 1955. ... 

Collborg, Henning—Mass production ‘of pre- 
stressed structural concrete in Sweden (52-49) 
Mar. 1956. . 

Colorado Freeway arch bridge— Movable false- 
ees oy SS er ee 

Columns 

—Concrete-filled pipe—Code requirements (P& 
P) Dec. 1955. 
—Overload tests (52-45) Mar. 1956...... 
—Sustained load strength—Eccentric 
(52-45) Mar. 1956. 
—Ultimate strength design ‘(52- 30) Jan. 1956. 
Committee 
~210 report—Erosion resistance of concrete in 
hydraulic structures (52-18) Nov. 1955. 
-214 report—Evaluation of compression test ‘re- 
sults of field concrete (52-17) Nov. 1955. 
-318 report 
-Proposed revision of building code require- 
ments for reinforced concrete (ACI 318-51) 
CTI MOE 5 oi 55 ch Sous doce p puss cs 
~Building code requirements for reinforced 
concrete (ACI 318-56) (52-57) May 1956. 
-327 report—Ultimate strength design (52- 30) 
POS Se er oe: eae bs tee 
-—604 report 
—Proposed recommended practice for winter 
concreting (52-9) Oct. 1955 
~—Recommended practice for winter concreting 
(52- nn. cde hep Cre db «e066 bau'we 

Composite beams 
—Highway bridges (CB) May 1956. 
~Prestressed bridge (52-22) Nov. 1955.... 

Composite construction 
Cn a re 
~—Stud shear connectors (52-56) Apr. 1956...... 

Composite T-beams—Stud shear connectors 
(52-56) Apr. 1956 

Compression test data—Use in quality control 
EE Serre eee 

Compressive strength—Aggregate effect on 
(323 34) Jan. 1956 

Concrete strength variations—Commodore 
Perry Extension Housing Project (CB) 
Kenneth Bernard, Mar. 1956................ 

Concrete stress distribution in ultimate 
strength design (52-28) 
~Eivind Hognestad, N. W. Hanson, and Doug- 
las McHenry Dec. 1955 
-Disc. P. W. Abeles, A. J. Ashdown, A. L. L. 
Baker, Ulf Bjuggren, Henry J. Cowan, Homer 
M. Hadley, Konrad Hruban, J. M. Prentis, E. 
Rosenblueth, G. M. Smith and L. E. Young 
A. J. Taylor, and Authors Part 2, Dec. 1956. ... 

Condensation 
-Ceiling of open structure (P&P) Mar. 1956... 
~Plastered masonry walls (P&P) Oct, 1955... . 

Continuous beams—Creep of (52-33) Jan. 1956 

Contractor’s look at concrete building, A (CB) 
M. R. Montgomery, Nov. 1955 

Control—Batching and recording equipment— 
Tests of (52-38) Feb. 1956..............000. 

Copeland, L. E. 

-Porosity of hardened portland cement pastes 
(52-39) Feb. 1956 
-Specific volume of evaporable water in hardened 
portland cement pastes (52-55) Apr. 1956 
-Disc. Properties of portland cement pastes 
cured at elevated temperatures and pressures 
EDGED Patt 2. TdGG. BETS occ cicicccscecncese 
Cordon, William A. 
-Properties and uses of initially retarded con- 
crete (52-19) Nov. 1955 
-Dise. Proposed revision of building code re- 
quirements for wage concrete (ACI 318-51) 
(52-26) Part 2, Dec. 19 
-Dise. Ultimate vv me 8 design (52-30) Part 2, 
Mn 65d ap deka Cae bons baud 6446040 

Cores—Test strength related to cylinder strength 
(P&P) Nov. 1955 

Cowan, Henry J.—Disc. Concrete stress dis- 

tribution in ultimate strength design (52-28) 

Part 2, Dec. 1956 
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Crack measurement— Methods 
ment (62-56) Agr. 1956. ........ ccc cccccccccs 
Cracking in reinforced “concrete flexural 
members (52-54) 
—Arthur P. Clark, Apr. 1956... 
-Dise. P.W. Abeles, L. P. Brice, and K. Hajnal- 
Kényi Part 2, Dec. 1956..... 
Cracking resistance 
~Floor slabs (P&P) Mar. 1956 , 
Masonry construction (P&P) Mar. 1956.. 
Cracks 
—Autogenous 9, = 63) June 1956... 
-Floor (P&P) Nov. 1955.............. 
—Prev Bch ho aaah (P&P) Nov. 1955. 
-Tensile—Exposure tests (52-61) June 1956 
Tensile—Investigation in slabs and beams (52- 
54) Apr. 1956 


and equip- 


Creep 
- Bibliography Ca-G) Bat, 2965. . vccccccccces 
—Continuous beams (52-33) Jan. 
~Theories reviewed (52-4) Sept. 
Crosier, Clayton M.—Disc. P roposed r revision 
of building code requirements for reinforced 
see (ACI 318-51) (52-26) Part 2, Dec. 
SRE re ae eye ae 


Curing 


1955. 


IDE sat ns iS oh a-ak aes els odes ate aad staan. 0 ela aw is 
—Effect on autogenous he aling (52-63) June 1956 
~Effect on cement pastes (52-43) Feb. 1956... .. 
—Pressure effect on cement paste (52-43) Feb. 
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Winter concreting (52-60) June 1956... 
——, compounds—Petroleum oils (P&P) 

NN s 4606600 Oo Anle-i64 £ ao 6A i0.0'c sc 
be Test strength related to core stre ngth 


REIS Sa Do bn od wie wales 6 kb.e% 


oa strength—Variation coefficient (C B) 
Mar 


Dam repair—Stilling basin— Bonneville (52-52) 
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Damage gue to freezing of fresh concrete 
(52-35) C. J. Bernhardt, Jan. 1956. : 
Davis, = ha Ss. 
~Properties of high-density concrete made with 
iron aggregate (52-44) Mar. 1956....... > 
-Disc. Proportioning of mixes for steel coarse 
aggregate and limonite and magnetite matrix 
heavy concretes (52-32) Part 2, Dec. 1956... 
Davis, R. E., Jr.—Kemano penstock tunnel 
liner backfilled with prepacked concrete (52-20) 
Nov. 1955 
Dean, W. E.—Disc. Two bridges of reinforced 
vacuum concrete, built in Sicily (Italy) (52-46) 
ot ee 8 ee eee ee 
Deflection—Beams under impulse load (52- 8) 
SU aa a nialigs 
Design and construction cf heavy-duty pave- 
ments at Edwards Air Force Base (52-31) 
~Robert J. Shultz and Robert B. Fatherson, Jan. 


Design eet for beams of variable sec- 
tion (52-53) 

~Max W. Strauss, Apr. 1956................ 
—Disc. Reidar K. Formo, R. V. Hauer, 
Herman Tachau Part 2, Dec. 1956. 

Design of blast resistant construction “for 
atomic explosions (CB) Gilbert Huyghe Dec. 
1955 


Desten st cylindrical shells with edge beam 
-L. Fischer, Dec. 1955......-... 
-Dise. H. S. Gedizli Part 2, Dec. 1956. ‘ 
Design of effectively bonded T- beam (CB) 

Tung Au and Joseph C. Watts, Oct. 1955 


Part 2 Dec. 1956 
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Design of prestressed concrete multi-beam 
bridges with diaphragms and stiffened ex- 
terior beams (52-22) 
-Andrew Gallia, Nov. 


1955... 
Y. Guyon, P, B. Morice, E. Van Walsum, 
Dec. 1956..... 


Disc. 
and Author Part 2, 
Diaphragms— Use ‘in prestressed 
bridges (52-22) Nov. 1955 
Dodecylamine hy drochloride—Air- entraining 
capacity (52-65) June 1956............ ; 


Durability 
Chemical—Aggregate (52-2) Sept. 1955 
Long-time study concretes (52-13) Oct. 1955... 
Physical factors affecting (52-50) Mar. 1956... . 
Tensile crack exposure tests (52-61) June 1956.. 
Dynamic load—-Beam tests (52-8) Sept. 1955. . 
Dynamic loading—-Beams (CB) Dec. 1955.... 


multi- beam 


E 


Earthquake loading— Ultimate strength on 
(52-30) Jan. 1956. . 

Edge beams—With cy lindrical shell (52- 29) Dec. 
1955 

Edwards Air Force Base—Pavement ‘design and 
construction (52-31) Jan. 1956... 

Effect of age of concrete on bond (52-42) K. R. 
Peattie and J. A. Pope, Feb. 1956... 

Effect of aggregate on shrinkage of concrete 
and a hypothesis concerning shrinkage 
(52-36) 

Gerald Pickett, Jan. 1956.. 
Disc. Ulf Bjuggren and A. 'M. Neville Part 2, 
oe | AG ee Eee ea 

Effect of atmospheric conditions during the 
bleeding period and time of finishing on the 
scale resistance of concrete (52-21) Paul 
Ee BON, Wes occ eca) ¢0d 6 ane wa ’ 

~~ carbon dioxide on fresh concrete 

52-27) 
~J. A. Kauer and R. L. Freeman, Dec. 1955. . . 
-~Disc. Robert A. Burmeister, George Verbeck, 
H. C. Vollmer, and Authors Part 2, Dec. 1956. . 

Effect of chemical nature of aggregate on 
strength of steam-cured portland cement 
mortars (52-48) 
T. Thorvaldson, 


Mar. 1956. 


Disc. Frederick O. Anderegg, Dalton G. Miller, 

Elmer L. Munger, M. Spindel, and Authors 

A Uy RSs re 
Efsen, Axel—Disc. Simple moments and mo- 


ment design (52-25) Part 2, Dec. 1956... 
Elastic after-effect theory—( reep (52- 4) Se pt. 
AS tek nha dae oe eab-s 
Elfert, Ralph p Jr.—Disc. Mixing water con- 
trol by use of a moisure meter (52-23) Part 2, 
Ph, Pitas cen h deed weed ie heb ae eedaeee 
Elisberg, Harry- —~Dise. P roposed revision of 
building code requirements for reinforced con- 
crete (ACI 318-51) (52-26) Part 2, Dec. 1956... 
Elstner, R. C.—Sustained load strength of ec- 
centrically loaded short reinforced concrete 
columns (52-45) Mar. 1956 
Erection and handling— 
members (52-49) Mar. 1956.......... 
Eroded concrete— Repairs (52- 18) Nov. 1955. 
Erosion 
~Hydraulic structures (52-18) Nov. 1955. 
-Stilling basin—Bonneville Dam (52- 52) Apr. 


Prestressed 


precast 


Erosion resistance—Proportioning for (52-18) 
Nov. 1955. anew Wes 40% 
Erosion resistance of concrete in hydraulic 
structures (52-18) 
—Committee 210 Nov. 
-Dise. F. T. Mavis, C. J. 
mittee Part 2, Dec. 1956.............. 
Evaluation of compression test results of 
field concrete (52-17) 
~—Committee 214 Nov. 1955.............. , 
-Disc. B. Bernholtz, D. Campbell-Allen, C. a 
Posey, Edmund A. Pratt, Fred S. Reagel, T. F. 
Willis and L. T. Murray, and Committee Part 2, 
EM eee Se ee eee 
Evans, W. S.—Disc. Rattler losses correlated 
with compressive strength of concrete (52-34) 
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Falsework— Arch bridge (52-14) Oct. 1955 ‘ 

Fatherson, Robert B.—Design and construc 
tion of heavy-duty pavements at Edwards Air 
Force Base (52-31) Jan. 1956 

Feld, Jacob—Disc. Proposed revision of build- 
ing code requirements for reinforced concrete 
(ACI 318-51) (52-26) Part 2, Dec. 1956 

Feldspar—Soda-lime series—Aggregate in steam- 
cured mortar (52-48) Mar. 1956 

Ferguson, Phil M.—Lapped splices in reinforced 
concrete beams (52-15) Oct. 1955 

Fiesenheiser, E. I.—He: avy steel- aggregate in 
concrete (52-6) Sept. 1955 

Finishing _. s and blisters : during trowel- 
ing (P&P) Dec. 1955 

Finishing time—Effect on scale resistance (52- 
21) Nov. 1955. . 

Fischer, L.—Design of "cylindric: al 
edge beams (52-29) Dec. 1955... 
Fixed-end moments— Determination for beams 
of variable section (52-53) Apr. 1956 
Flat slab— Definition (P&P) Nov. 1955 
Flexural behavior—Prestressed and 

tional beams (52-37) Feb. 1956 


shells with 


conven- 


Flexural theories—Ultimate strength design 
(52-28) Dec. 1955 
Flexure—Ultimate theory based on exponential 


function (52-24) Nov. 


Floors 
~Crack prevention (P&P) Nov. 


1955 


1955 


—Slab—Shrinkage reinforcement (P&P) Mar. 
1956. . ‘ _baswecke~s : 
-Surface—Carbonation damage (52-27) Dec. 
1955 » anaes 

Fluck, P. G.— Plastic flow (creep) of reinforced 
concrete 7 ams (52-33) Jan. 1956 

Fluss, Paul J.—Disc. Basis for classifying del 
eterious ché arac teristics of concrete aggregate 


materials (52-53) Part 2, Dec. 1956 
Fly ash-sulfur mixture for capping concrete 
test cylinders (CB) P. J. Freeman, Dec. 1955 
Folded plate roof—<( ode requirements (P&P) 
Nov. 
Form anchors—Holding strength (52-11) Oct 
55 


Form removal—Winter concreting (52-60) June 
1956. 

Formo, Reidar K.— Disc. 
beams of variable section 


’ Design constants for 
52-53) Part 2, Dec. 


PE  eaedethiee octets iene 
Forms 
Cantilever—Mass concrete—Anchor tests (52- 
11) Oct. 1955 (one 
-Erection—Arch bridge (52-14) Oct. 1955 : 
Foster, B.E.—Disc. Heavy steel-aggregate con- 
crete (52-6) Part 2, Dec. 1956 
Fountain, R. S.— Disc. Investigation of stud 
shear connectors for composite concrete and 
steel I-beams (52-56) Part 2, Dec. 1956 ‘ 
Frame—Prestressed—Analysis (52-62) June 


1956 
Freeman, 'P. J.—F ly 
ping concrete test cylinders (CB) Dec. 


ash-sulfur mixture for cap- 
1955 


Freeman, - Effect of carbon dioxide on 
fresh concrete ( (52- 27) Dec. 1955 . 
Freezing —Fresh concrete damage (52-35) Jan. 


1956... 

Freezing and thawing tests—Correlation with 
field performance (52-13) Oct. 1955 

Friberg, Bengt F.—Plastic flow (creep) ‘of rein 


forced concrete continuous beams (52-33) 
Part 2, Dec. 1956. ... owe 
Frost damage — Fresh concrete (52-35) Jan 


Se 

Frost resistance — L ong- time 
(52-13) Oct. 1955. 

Fucik, Frank M.— More about wz aterstops 
Dec. 1955..... 


study concretes 
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Gallia, Andrew—Design of prestressed concrete 
multi-beam bridges with diaphragms and stiff- 
ened exterior beams (52-22) Nov. 1955. . ‘ 
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Gaynor, R. D.—Disc. Basis for classifying del- 
eterious characteristics of concrete aggregate 
materials (52-58) Part 2, Dec. 1956........... 

Gedizli, H. S.—Disc. Design of cylindrical 
shells with edge beam (52-29) Part 2, Dec. 1956 

Gel pore volume—Hardened cement paste (52- 
39) Feb. 1956... 

Gel structure— 


Shrink: age hypothesis (52- 36) 
pO SS SR) Se ee es perry ee 

Gerdes, George- Bonneville Dam stilling basin 
repaired after 17 years’ service (52-52) Part 2, 
Dec. 1956 . 

Girders—Pre stressed building frame ‘compone nts 
(52-62) June 1956. 
Prestressed hollow prec ast (52-46) Mar. 1956.. 

Griffin, P. G.—Movable falsework speeds arch 


rib construction (52-14) Oct. 1955............ 
Grout 

Biseding (63-06) Oct. 1955... ... 022 cccvceses 

Effect of admixtures (52- 16) Oct. 1955. 

Flow characteristics (52-16) Oct. 1955. 


Mix for prepacked backfill (52-20) Nov. 1955.. 

Mixtures for various jobs (52-16) Oct. 1955. ... 

oe, retention (52-16) Oct. 1955..... 
Particle sizes (52-16) Oct. 1955. 

Penetration under pressure (52- 16) Oct. 1955.. 


Testing procedures (52-16) Oct. 1955. 
Grouting—P repacked backfill (520- 20) ‘Nov. 

Pn Reds seeks CoC rie esdehseseReeAeacbeds 
Guyon, Y.—Disc. Design ‘of prestressed con- 


crete multi-beam bridges with diaphragms and 
stiffened exterior beams (52- Send Part 2, Dec, 
NG wenn n0 pany oeneda . , 


Hadley, Homer M.—Disc. Concrete stress dis- 
tribution in ultimate strength design (52-28) 
ee Ds var baba s od & O06 oes deb 

Hajnal-Kényi, K. 

—Disc. Lapped splices in reinforced concrete 
beams (52-15) Part 2, Dec. 1956 
Disc. Ultimate flexural strength of prestressed 
concrete and conventionally reinforced con- 
crete beams (52-37) Part 2, Dec. 1956... 

—Dise, Cracking in reinforced concrete flexural 
members (52-54) Part 2, Dec. 1956...... 

Hanson, N. -C oncrete stress distribution in 
ultimate strength design (52-28) Dec. 1955..... 

Harboe, E. M.—Disc. Mixing water control by 
use of a moisture meter (52-23) Part 2, Dec. 
SE iat s ists fo ne 4io Aik oe 0 0-4 4 Rin. 20 bseaentn de 

Hardening—Test for degree and rate (52- 19) 
Nov. 5 


iia. R. V. 
Disc. Proposed revision of building code re- 
quirements for reinforced concrete (ACI 318-51) 
(52-26) Part 2, Dec, 1956...... 


-—Disc. Design constants for Beams ‘of variable 
section (52-53) Part 2, Dec. 1956........ 
Hawkins, M. J. —Dise. i concrete in 


slope paving by use of slip forms (52-1) Part 2, 

Dec. 1956. . 
Hayes, J. C.—Porosity of hardened portland ce- 

ment pastes (52-39) Feb. 1956.......... 
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= <. Ay hydration Poriiand cement (52-43) 
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manne of ‘materials—Winter concreting (52- 
60) June 1956 
iy - seapeapatingiapepelloes 
Dec. 
Heavy ies 
—Limonite-magnetite-steel scrap (52-32) Jan. 
PPE ewes sbcctec 
~Proportioning (52-32) Jan. 1956.............. 
—Steel punchings and shot (52-6) Sept. 1955..... 
Heavy steel-aggregate concrete (52-6) 

—-E. |. Fiesenheiser and B. A. Wasil, Sept. 1955... 
-Dise. B. E. Foster, E. L. Howard, Bruce A. 
Lamberton, and Authors Part 2, Dec. 1956... 
Herbert, J. D.—Rattler losses correlated with 


slab (P&P) 


compressive strength of concrete (52-34) Jan. 
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Hexadecyl trimethyl ammonium bromide— 
Air-entraining yma (52-65) June 1956 .... 
Higginson, E. faterstops in aatte ulated 

concrete construction (52-7) Sept. 1955.... 

High-density concrete—lIron aggreg: 7 —P rop- 
erties (52-44) Mar. 1956........ 

High-early-strength cement—Cement factor 
varied with (P&P) Dec. 1955.... 

Hoagland, G. G.—Disc. Mixing water control 
by use of a moisture meter (52-23) Part 2, Dec. 
Sh hake ean as 6b ees bod téaé% padana de 

Hognestad, Eivind 
Concrete stress distribution in ultimate strength 
design (52-28) Dec. 1955................. 

—Sustained load strength of eccentrically loaded 
short reinforced concrete columns (52-45) Mar. 
iiss ubnieh sank athe eneed sane sie 
~Ultimate flexural strength of pre stressed and 
conventionally reinforced concrete beams (52- 
3, See ; 

Holmberg, Ake—Load capacity of 
beams in bending (52-47) Mar. 1956 .. 

Hook—90 deg—Code requirements (P&P) Nov. 
Ee eae ere se ore ‘ 

Howard, E. L. 

—Cements and calcium chloride 
(CB) Nov. 1955...... : 
Dise. Heavy aoe aggregate conc rete (52- 6) 
Part 2, Dec. 1956 

Hruban, Konrad. —Disc. 
tribution in ultimate stre —_ design 
Part 2, Dec. 1956..... 

Hubbard, Donald— Mechanisms of alkali- aggre - 
gate reaction (52-2) Sept. 1955. ; 

Huey, S. E.—Simple moments and moment de- 
sign (52-25) Nov. 1955. . 

Hunt, Charles M.—Disc. " Prope rties of ‘port- 
land cement pastes cured at elevated tempera- 
tures and pressures (52-43) Part 2, Dec. 1956 

Huyghe, Gilbert— Design of blast resistant con- 
struction for atomic explosions (CB) Dec. 1955 

Hydraulic structures—Erosion resistance (52- 
|) |. re 
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and cold water 


‘Concrete stress dis- 


(52-28) 


(52-2) 


pastes Sept. 


Impulse testing of concrete beams (52-8) 
F. T. Mavis and F. A. Richards, Sept. 1955... . 
-Disc. Merit P. White and Authors Part 2, 
Sen ee 

Insley, Herbert—Mechanisms of alkali aggre- 
gate reaction (52-2) Sept. 1955... 

Insulation requirements— -Winter 
(52-60) June 1956. ; 

Investigation of stud shear connectors for 
composite concrete and steel T-beams (52- 
56 


) 

-I. M. Viest, Apr. 1956... 
-Disc. R. S. Fountain and G. 
fs. aaa 

Iron aggregate — Properties of conc rete made 
with (52-44) Mar. 1956. 

Irwin, O. W.—Disc. Tensile crack exposure 
tests of stressed reinforced concrete beams (52- 
61) Part 2, Dec. 1956........ “ae 


cc yncret ing 


M. Sinclair Part 
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